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Preface 
 
Electrical infrastructure is an important part of onshore and offshore wind farms and for this 
reason this Master Thesis analyzes the specifications and standards that must be followed in 
installation and operation of it.  
In addition, the construction schedule of each type of wind farm is described. Moreover, a 
risk analysis for electrical infrastructure is made based on specialists’ opinion and on risks 
that have been found in bibliography. Through this analysis the most significant risks during 
the installation and operation of electrical infrastructure are identified. 
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Thesis Overview 
 
The purpose of the Master Thesis is to answer to the following research questions: 
 
i) Which are the main differences between onshore and offshore wind farms. 
ii) Which are the most important steps in construction process of wind farms. 
iii) What kind of specifications must be followed in the design of electrical infrastructure of 
wind farm. 
iv) What kind of protection systems must be installed in the electrical infrastructure of 
wind farms. 
v) Which are the most important risks in the installation and operation of electrical 
infrastructure of wind farms. 
The first chapter a technical analysis of wind farms is made and the differences between 
onshore and offshore wind farms are analyzed. Specifically, all the infrastructures and their 
differences between each type of wind farm are described. In addition, the differences in 
the investment and operation cost as well as in maintenance and wind resource are 
described. 
 
In the second chapter, the construction schedule of the two types of wind farms is analyzed 
and recommendations are made for the reduction of the construction period of the plants. 
 
In the third chapter, the standards and the specifications that must be followed in the 
selection of equipment and the installation of substations and secondary systems for each 
type of wind farm are described. 
 
In the fourth chapter, the type of cables in wind farms and the standards with which they 
must comply are described. 
 
In the fifth chapter, a risk analysis is made during the installation and operation of cables, 
substation and secondary systems of wind farms. 
 
In the sixth chapter, the conclusions of the risk analysis for hazardous events in electrical 
infrastructure installation and operation are described.  
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1. Onshore and Offshore Wind Farm Technical Analysis 
 
In this chapter the types of Wind Farms, onshore and offshore, and their main characteristics 
will be introduced. 
 
1.1 Onshore Wind Farms 
 
The infrastructures of an onshore wind farm are the following: 
 
i) Wind Turbines 
ii) Foundation System of Wind Turbines and Civil Works 
iii) Electrical Infrastructure 
 
Wind Turbines 
 
There are two types of Wind Turbines which are the Horizontal (HAWT) and the Vertical Axis 
(VAWT). 
 
Figure 1: HAWT & VAWT Drawings [1] 
 
In the vast majority of Wind Farm Projects the Horizontal type is preferred.  
 
A HAWT consists of the following parts: 
 
i) Rotor which consists of the supporting hub and blades 
ii) Nacelle which includes the yaw system and the housing of wind turbine. 
iii) Gearbox which is into the drive train that includes all the rotating parts of the WT. 
iv) Generator, Converter and Transformer 
v) Tower and Foundation 
 
A VAWT consists of the following: 
 
i) Fixed Pitch Rotor Blade 
ii) Gearbox 
iii) Generator 
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The main advantages and disadvantages of the two types of WT are the following: 
 
HAWT Advantages 
 
a) Optimization of the absorbed wind amount when they have variable pitch. 
b) Harness of high wind velocities due to the great height of the tower. 
 
HAWT Disadvantages 
 
a) Low performance in ground level due to turbulence. 
b) Yaw system required to align to the wind 
c) High construction costs due to the large scale of equipment. 
 
VAWT Advantages 
 
a) Simple construction 
b) Efficient in low wind speeds 
c) Harness wind from any direction. 
d) Lower Cost of Construction as a result of small scale. 
e) There is no necessity for pitching. 
 
VAWT Disadvantages 
 
a) A VAWT produces half amount of energy in comparison with a HAWT with the same 
capacity.  
b) Complete deconstruction is required for maintenance. 
c) The rotor is close to the ground. 
d) There is a cyclic variation of the power on every revolution of the rotor. 
e) High loads on the lower bearings 
 
 
Foundation System of Wind Turbines 
 
The foundations of a Wind Turbine must be able to support it in extreme loads which 
correspond to wind speeds between 45-70 m/s.  
The specification of loads is the first step for the proper design of the foundations and it is 
provided by the wind turbine supplier as part of a tender package in case of onshore wind 
farms. Taking into account the loads, the foundation is usually 13m across a hexagonal form 
and one to two meters deep. It is made by reinforced concrete cast into an excavated hole 
while the construction time lasts one week maximum. 
Apart from the foundation of wind turbines there are civil works that include the site roads 
and a control building which houses electrical and SCADA systems and facilities for 
maintenance staff and spare parts. Finally, the construction of foundations for the 
substation is included to civil works [2].  
 
Electrical Infrastructure 
 
The electrical infrastructure of a wind farm is divided into two groups: 
 
i) Wind Turbine Electrical Infrastructure 
ii) Grid Connection Electrical Infrastructure 
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Wind Turbine Electrical Infrastructure 
 
The electrical infrastructure of modern Wind Turbine includes the parts which are related 
with the energy generation and the parts related with energy consumption. 
The energy generation equipment is the following: 
 
i) Generator 
ii) Converter 
iii) Low Voltage Power Distribution System  
iv) Local LV/MV Transformer 
 
The electrical systems of Wind Turbine that consume energy are the following: 
 
i) Control Systems (Pitch, Yaw and Monitoring Systems) 
ii) Fire Protection System 
 
Apart from the above systems a Wind Turbine is equipped with grounding system and 
lightning protection system. 
 
Grid Connection Electrical Infrastructure 
 
The grid connection infrastructure includes the necessary equipment for the connection of 
the wind farm to the grid. In large wind farms, all LV/MV Transformers of the Wind Turbines 
connect to a central substation MV/HV which connects to the grid. For the connection of 
small wind farms only a switch substation without transformer is required.Moreover, apart 
from the power connection systems, grounding system and lightning protection system are 
installed. 
Finally, monitoring systems are installed in order to monitor the operation of the wind farm. 
 
The electrical connections of a wind farm are summarized in the following figure: 
 
 
Figure 2: Internal and Grid Connection of Onshore Wind Farm [3] 
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1.2 Offshore Wind Farms 
 
An offshore wind power plant like an onshore wind farm consists of the following 
infrastructure: 
 
i) Wind Turbines 
ii) Foundation System of Wind Turbines and Civil Works 
iii) Electrical Infrastructure 
 
Wind Turbine 
 
The wind turbine itself is the main component of a wind farm and it is a HAWT. 
Consequently, it has the same characteristics with HAWT in onshore wind farms.  
 
Foundation System of Wind Turbines 
 
The main difference of the offshore wind farm with onshore one is the support structure of 
wind turbines. [4] 
 
The support systems can be classified in the following types: 
a) Monopile 
b) Jacket foundation 
c) Gravity Structure 
d) Floating Wind Turbines 
 
Monopile is the most common structure for supporting the wind turbine. It is a steel tube 
with diameter 2.5-4m which is driven 10-20m into the seabed. In the case where harder soils 
or rock exist then drilling is necessary. 
The advantage of monopile is the fact that the preparation of seabed is not necessary, but its 
disadvantage is the fact that it is not suitable in a seabed with large boulders or soft soil.  
Moreover, jacket foundation is another way of supporting offshore wind turbines. Jackets 
are usually 3-4 legged and their structure consists of interconnected corner piles with 
bracings. Jackets are installed according to DNV in depths 20-50m. 
Another option for supporting a wind turbine to seabed is Gravity Structure which achieves 
stability through its total weight and its large base area. The base area varies the distribution 
of loads transmitted to the sea floor helping in this way to counter the overturning moment 
of the wind.  
The circular base of the gravity structure has diameter 12-18m and it is equipped with an 
inner structure that connects to the tower. The inner section can be fabricated or separated 
from the outer part.  
The gravity structure weighs 500-1000 tones and it is constructed either by reinforced 
concrete or steel. Moreover, the structure has conical shape on the top so that the floating 
ice is broken while for erosion protection rip-rap is placed in circumference. 
If the wind power plant is constructed in deep sea then floating systems are used like spur 
buoys, tension leg platforms and semi-submersible platforms. 
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The three techniques are given in the following diagram: 
 
 
Figure 3: Foundation Systems of Offshore WT [5] 
Electrical Infrastructure 
 
The electrical infrastructure of a wind farm is divided into two groups: 
 
i) Wind Turbine Electrical Infrastructure 
ii) Grid Connection Electrical Infrastructure 
 
Wind Turbine Electrical Infrastructure 
 
The electrical infrastructure of wind turbines in offshore wind farms is made with the same 
theory of onshore one and it was described in the onshore section. 
 
Grid Connection Electrical Infrastructure 
 
The grid connection infrastructure of the wind farm can be achieved with following ways [6]:  
 
i) AC Connection at wind farm voltage level 
ii) HVAC Connection with offshore transformation 
iii) High Voltage Direct Current (HVDC) Connection 
 
In the case of AC Connection at wind farm voltage level the placement of a Transformer is 
not necessary to the offshore MV Substation. Consequently, there is an AC transmission line 
by undersea cable from MV Substation to the onshore MV/HV Substation. Then the MV/HV 
Substation is connected to the HV grid. 
The advantage of this arrangement is that the wind farm installation has lower cost due to 
the fact that no offshore transformation gear is needed. On the other hand, the problem of 
this arrangement is the fact that MV cables have limited transportation capacity (50 MW at 
34kV). This means that multiple cable connections are necessary in large scale wind farms 
resulting to the increase of the installation and electrical infrastructure costs and to the 
increase of the reliability of the plant as in the case of cable failure the load switch from one 
cable to another leads to the reduction of generation loss. 
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Finally, the AC Connection at wind farm voltage level is limited by the length of MV 
connections which affect proportionally the electrical losses. The electrical losses are result 
of the Ohmic resistance of the cables and it is proportional of the length of the cable. 
Consequently, the maximum distance that can be achieved is 10-15km. 
 
An offshore substation with MV/HV Transformer is used in order to avoid the problems of 
AC Connection at wind farm voltage level. The fact that the voltage level increases means 
that the electrical losses decrease. Although, in this case the losses are reduced the 
transmission length is limited by the electrical characteristics of the cables. Under AC current 
the dielectric insulation of cables acts as capacitor which means that a current is necessary 
for the realignment of electric dipoles when voltage direction changes. In this case heat is 
produced and leads to energy losses. Consequently, the HVAC Connection with offshore 
transformation is suitable for transmission distances up to 100km. 
 
Finally, HVDC connection is another way to connect the offshore part of the wind farm with 
the onshore one. Firstly, this type of connection was used for onshore wind farms which 
have great distance from the grid. The distance between the farm and the shore in HVDC 
connection is usually greater than 100km and AC/DC and DC/AC conversion is made in 
conventional way by the use of Thyristors or nowadays by the use of Insulated-Gate Bipolar 
Transistor (IGBT) converters which represent the modern technology. The last technique is 
referred as Voltage Sourced conversion HVDC. The AC/DC Converter is in a separate 
platform while the DC/AC is in the onshore substation. Consequently, the transmission 
distance is increased significantly while the electrical losses are reduced. 
 
The following figure depicts how an offshore wind farm is connected with the grid: 
 
 
Figure 4: Internal and Grid Connection of Offshore Wind Farm [7] 
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1.3 Differences in Wind Resource between Onshore and Offshore Wind Farms 
 
The amount of exploited wind resource is an important difference between Onshore and 
Offshore Wind Farms. Winds in open sea are higher and the shear is lower in comparison 
with onshore winds. Moreover, the turbulence in open sea is lower. Specifically, the wind 
speed increases when the distance from shore increases while turbulence intensity and wind 
shear decrease [8]. For example from Figure 5 it is obvious that for height 50m the wind 
speed in a sheltered area of Netherlands is 5-6m/s while in open sea is 8-9m/s. This means 
that the productivity will be higher.   
In addition, the diurnal pattern of onshore wind resource is not as uniform as the offshore 
one while the seasonal pattern is less pronounced in the case of onshore wind resource. 
Furthermore, the wind profile in onshore areas is not neutral as in offshore areas. 
 
 
Figure 5: Onshore & Offshore Wind Resource [9] 
 
The fact that the wind shear is lower in offshore areas has as consequence that the tower 
height can be lower in comparison with onshore areas.  
In addition, the fact that the turbulence in open sea is reduced is an ambiguous issue. This 
happens due to the fact that the recovery of downstream wakes lasts more although the 
performance of wind turbines is higher. This results to greater spacing of wind turbines in 
offshore plants in comparison with onshore one. This matter is also affected by the 
generated turbulence from wind turbines rotors [8]. 
In Figure 6 the wind distribution of onshore areas of Salsburgh, Prestwick and Leuchars is 
given in which wind farms have been built and their hub height is 82m and the roughness 
length of the areas is 0.04m [10]. From this Figure it is obvious that the mean wind speed of 
each area is 7.91 m/s, 6.16 m/s and 6.59 m/s respectively. 
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Figure 6: Wind distribution in Salsburgh, Prestwick and Leuchars [11] 
 
In comparison with the onshore areas the mean wind speed is higher in offshore areas 
where for instance the Lillgrund and Egmond aan Zee wind farms were constructed as it is 
equal with 8.36 m/s and 8.9 m/s respectively. Moreover, the hub height in which the mean 
wind speed is measured is 65m for Lillgrund and 70m for Egmond aan Zee. Consequently, it 
is obvious that the wind speed is higher although the hub height of these offshore plants is 
lower than the onshore one.  
The Weibull distribution of the wind speed for the Lillgrund wind farm with scale parameter, 
c, 9.42 m/s and shape parameter, k, 2.41 is given in Figure 7 [12]. 
 
Figure 7: Weibull Distribution of Lillgrund Wind Farm [13] 
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The Weibull distribution of the wind speed for the Egmond aan Zee wind farm with scale 
parameter, c, 10.1 m/s and shape parameter, k, 2.3 is given in Figure 8 [14]: 
 
Figure 8: Weibull Distribution of Egmond aan Zee Wind Farm[15] 
 
 
1.4 Differences in Maintenance between Onshore and Offshore Wind Farms 
 
There are specific differences in maintenance between Onshore and Offshore Wind Farms 
which are correlated with the way of access to the parks and the effect of environmental 
conditions on the equipment. 
Specifically, in the case of Onshore Wind Farms the worst scenario of access exists when the 
farm is constructed in ridges. In this case a potential snowfall during winter may cause 
problems in access. The use of a helicopter is solution to this problem but the maintenance 
cost will be increased. On the other hand, in Offshore Wind Farms the access is highly 
affected by weather conditions as in the case of high waves the access by ship is difficult 
while the approach through helicopter is optimal only in good weather conditions. 
Consequently, it is obvious that technical problems may not be corrected immediately. 
Moreover, the maintenance requirements in an offshore wind farm are higher in 
comparison with onshore one as the environmental conditions are difficult. First of all, the 
corrosion is higher as the water of the sea is salt-rich and the air has higher moisture. In 
addition, ultraviolet radiation in combination with moisture and salty air reduce the strength 
of rotor blades. Furthermore, the formation of ice in the electromechanical equipment is 
more often in offshore plants. All these factors lead to the degradation of the wind farm 
equipment. 
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1.5 Differences in Investment Cost between Onshore and Offshore Wind Farms 
 
There is a significant difference in the investment cost between the onshore and offshore 
wind farms. Specifically, an average investment cost of an installed onshore wind turbine is 
1.23 million €/MW and this amount is allocated respectively 76% to the wind turbine, 9% to 
the grid connection, 7% to the foundation and the rest of it is related with land and other 
minor costs  [16].  
 
On the other hand the investment cost of an installed offshore wind turbine is 50% higher 
than an onshore and it depends on distance from coast, water depth and weather and wave 
conditions. The investment cost is higher due to the fact that the structures are larger and 
logistics of tower installation are complex while the foundation, construction, installation 
and grid connection costs are significantly higher than onshore. For instance, the installation 
of an entire offshore turbine is generally 20% more expensive and the cost of towers and 
foundations is 2.5 times higher than a similar onshore project [16].  
In Figure 9 it is shown that the cost of the offshore wind farm increases when the distance 
from shore increases and specifically the installation and grid connection costs are mainly 
affected when the wind farm is installed far away from the coast [17]. This happens as a 
consequence of the increase in travelling time from the port to the site and in the length of 
the interconnection cable. Moreover, the cable costs are affected by the size of the cable, 
the number of stretches, the necessity for substation installation and the sea bed condition  
[17] [18].  
 
Figure 9: Increase in offshore investment costs as a function of distance to the coast(€/kW)[19] 
 
In Figure 10 the affect of water depth in investment costs of an offshore wind farm is shown. 
It is obvious that foundations and installation costs are mainly affected by the increase of 
the depth. 
 
 
Figure 10: Increase in offshore investment costs as a function of water depth(€/kW)[20] 
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2. Onshore and Offshore Wind Farm Construction Schedule 
 
The schedule of the wind farm construction plays important role in the viability of the 
project as it affects the point of time in which the operation of the plant starts. Although 
each wind farm project has its own construction difficulties there are general steps that are 
followed during their construction. 
  
2.1 Onshore Wind Farms 
 
The capacity of an onshore wind farm affects the duration of its construction which is a 
highly demanding procedure. Specifically, for the construction of wind power plants such as 
the Kittitas Valley Wind Power Project or Dufferin Wind Farm with capacity of 100.8MW and 
99.1MW respectively a time period of 1-2 years is necessary [21][22]. On the other hand, the 
construction of a wind farm with smaller capacity like HAF Wind Power Project (9MW) a 
time period from 6 months to 1 year is necessary [23]. 
Regardless of the capacity of an onshore wind farm the main steps of the construction 
process are the following [21][22]: 
 
Construction Activity 
Site Preparation 
1 Surveying and Geotechnical Activities 
2 Order of Wind Turbines & Substation Transformer 
3 Land Clearing 
4 Soil Stripping, Grubbing and Grading 
5 Development of Access Roads 
6 Construction of Temporary Lay Down Area 
7 Construction of Turbine Erection areas and Crane Pad 
Installation of Equipment and Connections 
1 Construction of Turbine Foundations 
2 Wind Turbine Assembly and Installation 
3 Electrical Collector Line Installation &  
Horizontal Directional Drilling 
4 Transformer MV/HV Substation 
5 Power Line Installation 
6 Operations Building 
7 Meteorological Tower 
Post Installation Activities 
1 Clean up & Reclamation 
2 Turbine Commissioning 
Table 1: Installation Activities 
Surveying and Geotechnical Activities 
 
Surveying and Geotechnical activities are the first step of the site preparation activity and in 
it the following areas are staked by the surveyors: 
 
i) Construction zones around wind turbines 
ii) Access roads 
iii) Bump out and hammerhead areas 
iv) Temporary lay down areas 
v) Substation area 
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vi) Location of O&M Building 
vii) Crane paths and pads 
viii) Routes of power lines within the project  
ix) Routes of collector systems 
 
Moreover, the determination of the underground utilities location is made so that the road 
crossings of collection system and the routes along the existing roads are allowed. 
Finally, geotechnical work is implemented by taking bore samples in the proposed turbine 
locations. Usually, this part of construction process demands a time period of 5-6 months in 
order to be finished. 
 
Order of Wind Turbines & Substation Transformer 
 
The order of wind turbines and substation transformer is the second step of the construction 
activity although it is not related with preparation of the site. This happens because the 
delivery time of wind turbines is 5-7 months while for the substation transformers is 8-12 
months. Consequently, the order of these items must be done as soon as possible [21]. 
 
Land Clearing 
 
In this step the construction areas are cleared from bushes, trees and other vegetation. 
Moreover, clearing is required for parts of the access roads to the site of the wind farm, 
crane paths, power line and collector lines pathway. The process of clearing in the case of a 
wind farm with capacity 100.8 MW like Kittitas requires a time period of 1-2 months [21].  
 
Soil Stripping, Grubbing and Grading 
 
The topsoil in the construction area of the wind farm is removed and stockpiled so that soil 
contamination is avoided. Then soil stripping and grubbing is made in cleared sites for the 
removal of generated roots during site clearing. 
In addition, the unsuitable soil for the construction of roads or turbine pad is stockpiled so 
that it will be used during decommissioning. In the case where excess of soil exists then it is 
stabilized away from drains in order to prevent erosion. 
Moreover, grading is necessary for smoothing the ground and ensuring that the road grades 
are appropriate for the delivery of turbines and that the working area is safe for crane 
operation.  
 
Development of Access Roads 
 
The access to the site area of a wind farm is made through access roads which are typically 
constructed in order to have width of 4-6m. The width of the roads is very important 
because the trucks that bring the equipment to the field and the crane that erects the 
turbines must have access to the site area without delays. Typically the roads consist of local 
granular deposits and are enhanced in order to bear the weight of the trucks. Finally, the sub 
grade of roads must be cut in such a way in order to minimize disturbance.  
 
Construction of Temporary Lay Down Area 
 
The temporary lay down area is the area where the components of the wind turbines are 
stored and the central workspace area for offices of the field. Commonly, the area is fenced 
and locked in non-working hours. 
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Construction of Turbine Erection areas and Crane Pad 
 
The turbine erection areas are necessary as the relocation of the wind turbine is easy 
without any great consequence to the project schedule. 
The erection area consists of two parts: 
 
i) Staging area for the erection of the towers which is also used for the storage of 
nacelle and blades. 
ii) Crane pad for supporting the crane during the construction. 
  
In general, the stages from Land Clearing to the construction of Turbine Erection areas and 
crane pad are made simultaneously or with small time difference among them. In this way 
time is saved in the schedule of the project.  
To sum up, when the construction of turbine erection areas and crane pad is finished then 
the preparation of the site is finished and the Installation of Equipment and Connections 
follows. Moreover, as far as time consumption is concerned the most important processes 
are the Surveying and Geotechnical Activities and the on time order of turbines and 
transformer. 
 
Construction of Turbine Foundations 
 
The construction of turbine foundations is a process which requires a great availability in 
concrete. In the case of great concrete availability then the required time for foundations 
construction is close to 2 months like Dufferin wind farm. If the local facility is not able to 
supply the necessary amount of concrete then a batch plant is required, otherwise delay in 
the construction will occur. 
 
Wind Turbine Assembly and Installation 
 
Turbines are usually delivered to the site in three sections and they are assembled by crane. 
The nacelle is lifted and attached to the top of the tower by the crane. As far as the rotor 
blades are concerned firstly, they are assembled to the ground and then they are lifted and 
attached to the nacelle by the crane. Generally, the construction of each wind turbine 
requires 3-5 days taking into account the weather conditions. 
 
Electrical Collector Line Installation & Horizontal Directional Drilling 
 
In this step the cable installation of the wind farms internal grid is made. The cables, which 
represent the feeder lines, connect the turbines either directly to a MV/HV transformer 
substation or firstly to collector MV/MV transformer substations, which raise the level of 
voltage for instance from 33kV to 66kV, and then they are connected to a MV/HV central 
substation. In general, the feeder lines are placed in a way to follow the access roads but 
sometimes they cross through agricultural areas in order to reduce their distance route. In 
this way the project is not only cost and time efficient during construction but also energy 
efficient.  
When cables must be installed underneath roads or wetlands then Horizontal Directional 
Drilling must be applied. For Horizontal Directional Drilling a boring machine is needed. The 
cables of feeder lines are buried in trenches with minimum depth of 1m. Generally, the 
electrical collector line installation requires a time period of 2-3 months to be finalized while 
in the case where a Horizontal Directional Drilling is needed then a delay will occur. For 
instance, in Dufferin Wind Farm 2 extra months were required for 3km of drilling.  
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Transformer MV/HV Substation 
 
Either the feeder lines from the collector MV/MV substation or the output of the wind 
turbines transformer are connected to the transformer MV/HV substation. The pattern of 
connection that is chosen depends on the distance between wind turbines and MV/HV 
substation because the energy losses due to voltage drop must be low.  
A typical substation consists of the structural framing, the isolation switches, the circuit 
breakers, the step-up power transformer, switch gears, instrument transformers, metering 
and control equipment, grounding equipment, lightning arrestors and a small modular 
control building  [24]. 
The transformer of the substation is placed in spill containment system from concrete in 
order to capture its oil leaks. 
Usually, the procedure of MV/HV substation requires a time frame of 3 months to be 
completed. 
 
Power Line Installation 
 
In this step the installation of the power line that connects the MV/HV transformer to the 
grid is made. The line is overhead and the installation of it requires much time as for 
instance in Dufferin Wind Power Plant in which the overhead line installation required 3 
months. 
 
Operations Building 
 
In Operations Building the monitoring of the wind power plant is made. The building is used 
to house switches, metering, Supervision, Control and Data Acquisition. In general, there is 
variety in the dimensions of the building but they should have such an amount in order to 
offer to the user a kitchen, a lay down area and a small office apart from the storage area in 
spare parts. The construction of such a building can last up to 2 months as in the case of 
Dufferin Wind Park. 
 
Meteorological Tower 
 
It is advisable a meteorological tower to be installed in the wind farm with a mast height 
equal to the hub height of the wind turbine. In this way, the meteorological data of the wind 
farm area can be taken such as ambient temperature, solar irradiance, wind speed which 
will provide information about the operating conditions of the plant. 
 
To sum up, all the steps from the construction of the foundations to the installation of 
meteorological tower specify the Installation of Equipment and Connections activity. 
The last two steps in the construction schedule of the wind farm are the clean up and 
reclamation of site area and the commissioning of the wind turbines. These steps can be 
done simultaneously.  
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2.2 Offshore Wind Farms 
 
The construction process of an offshore wind farm is more complex in comparison with an 
onshore one due to the sea and weather conditions which affect mainly the offshore part of 
the construction. For this reason the offshore part is preferably conducted during spring and 
summer because the weather in these seasons is better. 
A typical construction schedule of an offshore wind farm like Egmond aan Zee (100MW) 
includes the following the following activities [25]: 
 
Construction Activity 
Procurement & Deliveries 
1 Monopiles and Transition Pieces 
2 Subsea Cables 
3 Towers 
4 Wind Turbine Sections 
Installation of Equipment and Connections 
Onshore Works 
1 Horizontal Directional Drilling 
2 Civil Works of Transformer MV/HV Substation 
3 Electrical Works of Substation 
 for Grid Connection Power Line Installation 
Offshore Works 
1 Scour Protection (Filter Layer) 
2 Monopiles and Transition Pieces Installation  
3 Installation of Offshore MV/HV Substation 
4 Installation of Main Subsea Cables 
5 Tower Installation 
6 Wind Turbine Installation 
7 Installation of Inter-turbine Subsea Cables 
8 Scour Protection(Armour Layer) 
9 Installation of Meteorological Station 
Post Installation Activities 
1 Technical Completion Tests 
2 Reliability Tests 
Table 2: Installation Activities 
Procurement & Deliveries 
 
Procurement and Deliveries is the first step that begins after the design of the project. In this 
stage the significant parts of the wind farm equipment are delivered and specifically the 
monopiles, transition pieces, the subsea cables, the towers and the sections of wind 
turbines.   
The transportation of the equipment to the harbor can be done by road and sea. The way of 
transportation depends on the country of origin of the equipment. For example, if the 
monopiles and transition pieces come from Denmark then the solution of ship for 
transportation is more beneficial. On the other hand, if the blades originate from Germany 
then trucks can be the best solution of transportation. 
During the execution of procurement and deliveries Horizontal Directional Drilling, the 
construction of the offshore MV/HV Substation and the civil works of shore connection 
station are implemented. The whole process of Procurement and Deliveries lasts more than 
1 year for a project such as Egmond aan Zee [26]. 
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Figure 11: Monopile and Transition Pieces[27]  
Figure 12: Blade Transportation [28] 
Horizontal Directional Drilling 
 
HDD like in the case of an onshore wind farm is implemented when cables must be installed 
underneath roads or wetlands. The duration of this stage depends on the distance 
underneath roads or wetlands that cables cover. For example, in the case of Egmond aan 
Zee HDD lasted 1 month and it is also used for drilling the sand dunes. 
 
Civil Works of Shore Connection Substation 
 
In this step the building of the Substation is built which usually consists of concrete 
foundation, brick walls and roof. In general, this process will take 4-5 months for a project of 
100MW like Egmond aan Zee. 
 
Electrical Works of Shore Connection Substation 
 
When the civil works of substation are completed then the electrical works take place. In the 
substation the switchboards, the grid connection point and SCADA system are contained. 
Moreover, the necessary power line for the connection of the plant to the grid is 
constructed. The line is overhead and the installation of it requires much time as for instance 
in Egmond aan Zee Wind Power Plant in which the overhead line installation required 3 
months.  
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Figure 13: Substation floor and 3 pipes to conduct wind 
farm cables[29] 
Figure 14: HV onshore bay of wind farm[30] 
Scour Protection (Filter Layer) 
 
The first step before the installation of Monopiles and Transition Pieces is the installation of 
a filter layer of scour protection. For this reason a crane drops stones on the seabed. The 
scour protection is important in order to avoid the erosion of Monopiles  which occurs as a 
result of the  locally increased speed and turbulence of tidal currents  [31]. 
If the weather conditions are acceptable the installation of filter layer can start in the 
beginning of spring while Construction and Civil Works of Substations take place. This 
process requires 3 months for a project like Egmond aan Zee.  
 
Figure 15: Rock Dumping for Installation 
 of Scour Protection Filter Layer [32] 
Figure 16: Monopile & Scour Protection [33] 
Monopiles and Transition Pieces Installation 
 
The installation of monopiles and transition pieces begins almost simultaneously with Filter 
Layer Scour Protection installation [34].  
In this stage the Monopiles (MP) and Transition Pieces (TP), which are delivered complete in 
the harbor, are transported to the site by  vessels. Vessels are generally equipped with lifting 
hoists for the lift and transportation of Monopile, Transition Piece and Pile Driving Hammer. 
A transportation barge upends the monopiles and transition pieces and maneuvers in the 
bay of vessel like in Egmond aan Zee wind farm.  
The main block is hooked to the upper end of the pile, and the lifting block in the A-frame at 
the stern of the vessel is hooked to the lower end. By hoisting the main block and 
subsequently the A-frame block in combination with tilting the A-frame, each monopile and 
transition piece is upended (Figures 17, 18). 
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Figure 17: Upending Monopile [35] 
 
Figure 18: Upending Transition Piece [36] 
The vessel transports the monopile and transition piece to the installation position after 
upending process, where firstly the monopile and then the transition piece in vertical 
position are driven to the seabed by the use of a hydraulic hammer. 
The installation of anode ring with J-tubes is an intermediate step between the installation 
monopile and transition piece. J-tubes are used for the installation of the inter-turbine 
connection cables. After that step the TP installation is conducted. 
 
The following figures depict the above processes: 
 
 
Figure 19: Monopile Installation [37] 
 
Figure 20: Installed Transition Piece[38] 
These processes need 3-4 months to be completed for a wind farm like Egmond aan Zee 
usually and it is advisable to begin in the first month of spring. In this way it is possible to 
begin simultaneously the Installation of Tower and Wind Turbines and as a result the whole 
procedure can be completed in the end of the summer. 
  
Installation of Offshore MV/HV Substation 
 
In this stage the pre-constructed in the harbor Offshore substation is transferred to the site 
and installed to the proper position. The Substation is assembled in the harbor and usually 
consists of three stories which are the open cable deck in the first story, the transformer 
deck with 33kV switchgear room and the transformer for the local power supply and the 
emergency diesel generator in the second story. Finally, in the third story there are the UPS 
and the control and monitoring equipment.  
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The installation of the substation is conducted with a ship equipped with crane. 
Figure 21: Offshore Substation [39] Figure 22: Offshore Substation Installation [40] 
Subsea Cable Installation 
 
The Subsea cable installation starts almost simultaneously with MP and TP installation. The 
first step for the cabling installation is the survey of the cable route in order to identify any 
obstacles on the seabed and the coast and then HDD in sand dunes follows. In the holes of 
drilling PE pipes are installed in which the shore connection cables are placed and then the 
pipes are filled with bentonite [34] [41]. 
The laying vessel moves from the coast to the wind park and lays the shore connection 
cables in the seabed after the cable’s pulling into the substation. 
 
Figure 23: Horizontal Directional Drilling [42] Figure 24: Shore Connection Cabling Installation [43] 
Tower and Wind Turbine Installation 
 
For the reduction of time spending when a satisfying amount of MP and TP is installed 
begins the installation of the towers and the wind turbines while the main components of 
them are assembled onshore and then they are brought in the offshore site. For example, 
the whole tower is assembled in the harbor and two of the three blades are connected to 
the nacelle. Consequently, the dependency on weather conditions is low as this process 
takes place during summer and the steps of construction that made offshore are only the 
following [44]: 
 
i) Tower Mounting onto the foundation. 
ii) Nacelle Mounting 
iii) Last Blade Mounting 
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Figure 25: Tower Assembly and Blades-Nacelle Assembly[45] 
 
Figure 26: Transportation of Assembled Blades-Nacelle[46] 
 
Figure 27: Tower Installation[47]  
Figure 28: Assembled Blades- 
Nacelle Installation[48] 
In this way this process for a wind farm like Egmond aan Zee will need less than 3 months to 
be completed.  
 
Installation of Inter-turbine Subsea Cables-Scour Protection (Armour Layer) 
 
The installation of inter-turbine connection cables is made after the installation of MP/TP/J-
tubes. When the installation of the cables is finished then the armour layer of scour 
protection is installed. The layer covers not only the J-tubes but also the cables [44]. 
 
 
Figure 29: Inter-turbine connection cables  
and Armour Scour Protection [49] 
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Installation of Meteorological Station 
 
As in the case of onshore wind farm the installation of a meteorological station is made in 
offshore wind farms. In this way, the meteorological data of the area of the wind farm can 
be taken such as ambient temperature, solar irradiance, wind speed which will provide 
information about the operating conditions of the plant. 
For the installation of the station a triangular lattice tower is connected to a monopile. The 
tower has height equal to the hub height. 
The last two steps in the construction schedule of the wind farm are the technical 
completion and reliability tests of the wind farm. These steps can be done simultaneously.  
 
 
Figure 30: Meteorological Station [50] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
34 
 
3. Specifications in Design & Installation of Substations and Secondary Systems in 
Onshore & Offshore Wind Farms 
 
One of the most important parts of a wind farm either onshore or offshore is the MV/HV 
substation. This happens due to the fact that all the wind turbine strings are collected and 
connected in parallel in the substation which at last connects the whole plant to the grid.  
 
3.1. Substation and Secondary Systems of Onshore Wind Farm 
 
The main parts of the MV/HV substation chosen and installed according to International 
Standards are common in onshore or offshore wind power plant. These parts are the 
following: 
 
i) Disconnecting Circuit Breakers & Grounding System 
ii) Bushing Insulators 
iii) Step-up Power MV/HV Transformer 
iv) MV Circuit breakers 
v) MV/LV Transformer for auxiliaries 
vi) Instrument Transformers 
vii) LV & MV Switchboards 
viii) Back-up power supply 
ix) Grounding System 
x) Lightning Protection System 
xi) Reactive Power Control 
xii) Fire Protection System 
 
There is a variety of designs that are used in MV/HV (33kV/132kV) substations of WPP. 
Specifically there is the open-air bus-work with single bus arrangement (Figure 31), which is 
implemented in small capacity WPPs and consists of a main bus, and the open-air bus-work 
with sectionalized bus arrangements (Figure 32), which is usually implemented in wind farms 
with capacity greater than 80MW[51]. 
The single bus arrangement substation consists of one main MV/HV transformer in which 
the WTG strings are connected in parallel. This design requires the least amount of 
equipment, but it has low flexibility and reliability. For example, it is not possible to proceed 
in maintenance work to transformer without taking the entire wind farm out of operation 
[52].  
The sectionalized bus arrangement substation consists of more than one MV/HV 
transformers in which the WTG strings are connected. In these substations the whole wind 
farm is not out of operation when a breaker failure or bus bar fault occurs. As a result, the 
reliability and the flexibility of the substation are higher but simultaneously the cost of 
investment is higher [52]. 
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Figure 31: Single Bus 
Arrangement [53] 
 
Figure 32: Sectionalized Bus Arrangement [54] 
 
Moreover, a HV Switching Station is added in the case where the distance between the 
MV/HV Substation position and the interconnection point with the grid is high. This means 
that the cost of the system increases and the reliability and flexibility decreases. This kind of 
design is more typical in offshore wind farms. 
 
 
Figure 33: Interconnect Substation [55] 
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Disconnecting Circuit Breakers & Earth Switches  
 
Disconnecting circuit breaker is a device which combines characteristics of circuit breakers 
and disconnectors reducing in this way the substation footprint and increases the availability 
of wind farm. 
The normal interrupter contacts of the disconnecting circuit breaker offers the disconnecting 
function in open position. The contact system is similar to that of a circuit breaker, and does 
not include any extra contacts or linkage systems. The disconnecting circuit breaker is 
equipped with silicone rubber insulators with hydrophobic properties. Consequently, it has 
excellent performance in environments with high pollution while any leakage current across 
the poles in open position is minimized.  
The disconnecting circuit breaker in comparison with a conventional disconnector has 
electrical contacts enclosed in SF6 gas, as in GIS substations, and as a result they are 
protected from ambient conditions and pollution effects. Moreover, reliability and 
prolonged intervals between de-energization for maintenance of the disconnecting circuit 
breaker are provided by the protected environment. 
Furthermore, by the installation of the disconnecting circuit breaker working conditions are 
safer during maintenance and repair works in substations as when it isolates other 
equipment and it is locked in the open position in a fail-safe way [56].  
In addition, the disconnecting circuit breaker has to fulfill both circuit breaker and 
disconnector standards. A specific standard for disconnecting circuit breakers, IEC 62271-108 
while it must fulfill the IEC 62271-100 and IEC 62271-102 standards which are relevant to 
circuit breakers and disconnectors.   
These standards include the following tests: 
• Circuit-breaker testing acc. IEC62271-100/7.101: 
- Closing and opening operation @ Fmax and Umax. Measuring of the operating 
times, velocity and synchronism of the circuit breaker with Fmax and Umax of a 
closing and opening operation with coil I and coil II for tripping including wiring 
check. 
- Closing and opening operation @ Fmin and Umin. Measuring of the operating 
times, velocity and synchronism of the circuit-breaker with Fmin and Umin of a 
closing and opening operation with coil I and coil II for tripping. 
- Close/Open (CO) operating cycles @ Fn and Un. Measuring of the operating 
times, synchronism and velocity @Fn and Un of a CO operation with coil I for 
tripping. 
- CO operating cycles at Fn and Un. Measuring of the operating times, 
synchronism and velocity @ Fn and Un of a CO operation with coil II for tripping. 
- Open/Close (OC) operating cycles @ Fn and Un. Measuring of the operating 
times, synchronism and velocity @ Fn and Un of a O-t-C-operation with coil I for 
tripping 
- OC operating cycles at Fn and Un. Measuring of the operating times, synchronism 
and velocity @ Fn and Un of a O-t-C-operation with coil II for tripping 
- Recharging duration after OCO operation @ Un.  
- Functional performance of pressure relief valve. 
 
• Disconnector and earthing switch testing acc. IEC62271-102/6.102.3.2: 
- Five close-open operations of the disconnector and earthing switch @ Umin. 
- Five close-open operations of the disconnector and earthing switch @ Umax. 
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- Measuring of the operating times and motor current of the disconnector @ Un, 
Umax and Umin including wiring check, operation of the auxiliary contacts and 
position indicating devices. 
- Measuring of the operating times and motor current of the earthing switch @ 
Un, Umax and Umin including wiring check, operation of the auxiliary contacts and 
position indicating devices. 
- CO manual operation for disconnector and earthing switch. 
 
• Earth switch with short-circuit making capacity (“fast acting earth switch) testing 
acc. IEC62271-102/6.102.3.2: 
- Five close-open operations of the disconnector and earthing switch @ Umin. 
- Five close-open operations of the disconnector and earthing switch @ Umax. 
- Measuring of the operating times and motor current of the fast acting earthing 
switch @ Un, Umax and Umin including wiring check, operation of the auxiliary 
contacts and position indicating devices. 
- CO manual operation for disconnector and earthing switch. 
 
The earth switch is integrated to the support structure of the disconnecting circuit breaker. 
 
 
Figure 34: Disconnecting Circuit breakers & Earth switches[57] 
Bushing Insulators 
 
Bushing Insulator is a type of insulator that allows the passage of a HV cable through a 
grounded metallic barrier. Usually these barriers are several shells that include devices such 
as Transformers, breakers, etc. For construction Bushing except the dielectric strength 
should be taken of the mechanical strength. 
The bushing insulators are manufactured according to IEC 60137 and IEEE C57.19.0 
standards and they are classified to four categories according to the atmospheric pollution 
of the area in which the bushing insulator is installed [58]. 
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a/a Level of  
Atmospheric Pollution 
Class of  
Bushing Insulator 
Density 
(mm/kV) 
1 Low 1 16 
2 Medium 2 20 
3 Heavy 3 25 
4 Extremely Heavy 4 31 
Table 3: Bushing Insulator Classification 
The most common choices are 20 and 25 mm/kV. 
 
Surge Arresters 
 
The surge arresters are used to reduce overvoltages to tolerable levels. The basic parameter 
for the proper operation is the Basic Insulation Level (BIL) which is the range of the External 
Surge Impulse Voltages (LI, 1.2 / 50ms).  
The tests specified by IEC 60071-1 and for HV lines tests are taken place under impulse 
voltages LI which lightning overvoltages and AC industrial frequency voltage with duration of 
1min. 
The basic properties of surge arresters are [59]: 
i)  Do not conduct during normal operating voltage 
ii) To start conducting when an overvoltage occurs 
iii) To interrupt just when overvoltage passes. 
 
Step-up Power MV/HV Transformer 
 
The number of the power transformers that is installed in the substation depends on the 
capacity of the wind power plant. 
In the case where a sectionalized bus arrangement for the substation is chosen then 
transformers with lower rated capacity can be selected i.e. 50% of the total WF power. 
Consequently, when the wind farm consists of 50 WTGs of 2MW each and two redundant 
transformers are installed, a rated capacity of 0,5 x 50 x 2 = 50MVA per transformer is 
sufficient. On the other hand, if single bus arrangement is chosen then for the same 
condition a 100MVA transformer is selected.  
 
IEC Standards for Power Transformers 
 
The framework that sets the way that power transformers are installed, operate in the wind 
farm and the measurements and controls that are made after their manufacture and 
installation is the IEC 60076 Standard which set these requirements for the use of 
transformer under the following conditions: 
 
i) Altitude  
 
Height above sea-level does not exceed 1000m (3300 ft). 
 
 ii) Temperature of ambient air and cooling medium  
 
Ambient temperature that is not below –25°C and not above 40°C. For water-cooled 
transformers, a temperature of cooling water at the inlet not exceeding 25 °C. 
Further limitations, with regard to cooling are given for:  
– Oil-immersed transformers in IEC 60076-2  
– Dry-type transformers in IEC 60726.  
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iii) Wave shape of supply voltage 
  
A supply voltage of which the wave shape is approximately sinusoidal.  
 
iv) Three-phase symmetry of supply voltage  
 
For three-phase transformers, a set of three-phase supply voltages which are approximately 
symmetrical. 
 
v) Installation environment  
 
Environment with pollution rate (IEC 60137 and IEC 60815) that does not require special 
consideration regarding the external insulation of transformer bushings or of the 
transformer itself. 
An environment not exposed to seismic disturbance which would otherwise require special 
consideration in the design. 
 
Moreover, the manufacturer of the transformer must proceed to the following tests on the 
workshop: 
 
i) Separate – source voltage withstand acc. IEC 60076-3 
ii) Induced overvoltage withstand test acc. IEC 60076-3 
iii) Measurement of no-load losses and no-load current  acc. IEC 60661 
iv) Measurement of winding resistance acc. IEC 60076-1 
v) Measurement of load losses and impedance voltage acc. IEC 60076-1 
vi) Measurement of voltage ratio and vector group control acc. IEC 60076-1 
vii) Insulation resistance measurement acc. IEC 60076-1 
viii) Lightning impulse test (“BIL”) acc. IEC 60076-3 
ix) Capacitance and tan δ measurement 
x) Partial discharge measurement acc. IEC 60076-3 
xi) Measurement of acoustic sound level acc. IEC 600076-10 
xii) Measurement of zero-sequence impedance (Z0) acc. IEC 60076-1 
xiii) Temperature rise test (“heat run”) acc. IEC 60076-2 
a. Remark: when two or more transformers are applicable, only one 
transformer may be subjected to a heat run test. Note that for a heat run 
test the full transformer, including the cooling system, has to be assembled 
at the manufacturer’s workshop. A heat run test typically last 24 hours.  
xiv) Measurement of electrical strength of the insulation oil acc. IEC 60296  
xv) It is recommended to perform a FRA (Frequency Response Analysis) in the factory to 
make a “fingerprint” of the transformer. With a FRA the mechanical integrity of a 
transformer active part can be calibrated before transportation and hoisting.  When 
during transportation high accelerations occurred, which can be monitored by 
means of a shock recorder, a FRA can be repeated and verified with the fingerprint. 
This is a well known method to determine whether there are damages inside the 
transformer. 
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The power transformers that are installed have oil insulation due to the lower cost of them 
while the oil is useful for cooling purposes. 
In addition to IEC 60076 there is the IEEE C57.104 Standard which describes: 
 
i) Theoretical framework for the creation and existence of gas in the insulating oil 
ii) The elemental analysis results of the insulator 
iii) Various diagnostic methods 
iv) Monitors and Measurements 
 
Equipment of Power Transformers 
 
Transformers in both cases of wind farms are equipped with: 
 
i) HV insulators  
ii) MV insulators 
iii) Oil tank with two sections 
iv) Oil level measure instrument 
v) Air Dehumidifier 
vi) Protection systems 
vii) Overpressure valve protection 
viii) Cooling system 
ix) Surge arresters 
x) Temperature measurement instrument 
xi) Winding temperature index 
xii) Tap charger system 
xiii) Tap charger system motor 
xiv) Cooling fan motor 
 
 
 
Figure 35: MV/HV Step-up Transformer [60] 
 
Cooling System of Power Transformers 
 
The transformer is usually ONAN/ONAF (Oil Natural-Air Natural/Forced) cooling type in 
offshore and onshore wind farms respectively. In this way the transformer has high 
availability as it has no dependency on pumps as the ODAN (Oil Directed Air Natural) one 
while the efficiency of ONAN/ONAF transformers is higher as no pumps are necessary. 
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Vector Group of Power Transformers 
 
The vector group of power transformers should be selected considering the voltage 
operation of the wind farm array grid on one side and the operation of the high voltage 
network on the other side. 
The primary side should be designed as a “Y” winding, with carried out neutral (N). 
Moreover, an effective way to avoid overvoltage during earth faults and to increase the 
effectiveness of cabling protection is to ground the primary side of the transformer after 
clarification with TSO.   
In the secondary side of power transformers it is more effective to ground the wind farm 
array grid by a separate grounding transformer (Ynd Connection) for the following reasons: 
i) Disconnection of power transformers when TSO connection is unavailable 
ii) If there is not this transformer then a secondary (Y) winding is necessary which 
requires an extra delta winding to provide a path for 3rd harmonic currents in the 
case where loading unbalance in three phases exist. This means that the cost and 
the weight of transformer raises. 
iii) Higher impedance is achieved which results to the reduction of the short circuit 
power from TSO to MV level. This means that high short circuit ratings for the 
switchgears and the cables are not necessary. 
 
Figure 36: Delta-wye transformer windings[61] 
 
 
Protection Systems of Power Transformers 
 
Protection systems are very crucial in the operation of the MV/HV transformer as serious 
damages can occur in the following cases [62]: 
 
i) Long duration short circuit either in MV or HV. 
ii) Insulation error such as short circuit to the ground in windings. 
iii) Insulator failure due to ageing. 
iv) Collapse of core insulation, contamination and leakage of insulation medium. 
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The basic principles that should follow the protection systems of the transformers are set by 
IEEE Standard 242 and IEEE C37.91 Standards and they are: 
 
i) Transformer Protection from failures of MV and HV grid. 
ii) Transformer Protection from failures or malfunction of individual systems. 
iii) Transformer Protection from natural causes. 
iv) Protection Systems which correspond the financial effective design. 
 
 A common profile of the protection system of the power transformer with oil insulation has 
the following protection relays: 
 
 
Figure 37: Common Profile of Protection Systems in Power 
Transformer [63] 
 
Gas Detector Relay (63P-Bucholz Protection): This protection system detects gases in the oil 
of transformer caused due to minor failures such as insulation failures, loose connections 
and sends a warning signal (alarm).  
When there is a sharp increase in oil pressure as a result of large scale failures such as 
internal shocks, short circuits in coils windings, then the activation of the protection relay 
occurs by sending trip signals to the HV and MV switches causing the isolation of the 
transformer. 
 
Sudden gas-pressure relay (63SP): This protection system is activated and operates 
complementary to Buchholz protection by checking the sharp pressure increase in the oil 
reservoir due to failures within the Transformer. In case of a failure the system acts on the 
switches isolating the transformer in HV and MV. 
 
Winding Over-temperature (49): This protection system receives signal for the temperature 
of the MV windings of transformer by measuring the temperature of their hottest point. 
43 
 
Initially, the relay gives signal to operate the cooling fans and if the temperature still 
increases then alarm signals and signals for opening the MV and HV circuit breakers are sent. 
 
Apparatus Thermal Device (26): This protection system monitors the temperature of the oil 
as an insulating and cooling medium. In case of oil high temperature the cooling fans are 
initiated and an alarm signal is given. After the alarm signal a signal for opening the MV and 
HV circuit breakers is sent. 
 
Oil Level Gauge (71): This protection system monitors the oil level in the oil tank and 
specifically in the expansion tank. In the case where low oil level exists then an alarm signal 
is sent. 
 
As far as the protection of the transformer in the HV side is concerned protection relays are 
installed and specifically: 
 
i) Overcurrent Line Relay with instantaneous operation element (50): The element 
protects the HV circuit breaker and the transformer from short circuits and failures 
of the inlet insulator. The element is set above the value of the maximum 
asymmetrical fault current in the secondary winding in order to not be activated in 
MV failures.  
ii) Overcurrent Line Relay with inverse time element (51): The element protects the HV 
circuit breaker and the transformer from overcurrent events and it is set in a value 
two times greater than the one of full load transformer. The relay operates with 
inverse time characteristic curve so that its operation area is between the maximum 
fault current of the transformer and the setting of the next relay.  
iii) Overcurrent to earth relay (51G): This protection system has the same operation 
process of Overcurrent Line Relay with inverse time element. It is set for 5-10% of 
the maximum fault current to earth with inverse time characteristic curve. 
iv) Overcurrent to earth relay with instantaneous operation element (50G): This 
protection element has the same operation process with Overcurrent to earth relay 
(51G) and it is set in higher current values. 
v) Overcurrent with instantaneous (50N) and inverse time (51N) element: These relays 
monitor the current transformers of the power transformer in HV and they are set to 
the differential sum of the currents.  
vi) Differential protection system (87): This system compares the current values 
between the first and second winding of the transformer. Specifically, the protection 
relay recognizes any asymmetry between the same phase MV and HV currents 
through the current transformers in the two sides of the power transformer and 
collaborates with circuit breakers and isolates the power transformer. The setting of 
the differential protection depends on the ratio of inlet and output current. A 
common setting is 25% but in the installation and setting of differential protection 
must be taken into account the shifting of the currents that is caused by the 
connection of the transformer (i.e. Dyn11). Moreover, it must be taken into account 
the fact that there are differences in the characteristics of current transformers due 
to the manufacturer and that the asymmetry of magniteses current can cause the 
activation of differential relay. The differential relay must be able to overcome the 
asymmetry of magniteses relay without losing the ability to detect asymmetric short 
circuit currents. This is achieved with harmonic current filters as the magniteses 
current has high harmonic content. 
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MV Protection Systems 
 
The MV protection systems are separated in three categories: 
 
i) Protection System between MV side of Power Transformers and MV busbar. 
ii) Protection Systems between the MV busbar and the Wind Turbine Strings 
iii) Protection Systems between the MV busbar and the MV/LV Power transformer for 
auxiliaries. 
 
From the MV side of the power transformer to the MV busbar MV Gas insulated circuit 
breakers are installed [64]. 
Specifically, MV circuit breakers connect and disconnect the power supply of wind farm from 
the grid and they comply with IEC 62271-100 standard. 
The Circuit breakers have been undergone type and individual tests according to IEC 62271-
100 standard.  
Type tests: heating, withstand insulation at industrial and impulse frequency, short-time and 
peak withstand current, mechanical duration, making and breaking of short-circuit currents. 
Individual tests: insulation with voltage at industrial frequency in the main circuits and 
insulation of the auxiliary and control circuits, measurement of the main circuit resistance, 
mechanical and electrical operation. 
 
 
Figure 38:GI Circuit Breaker[65] 
There are four states of the SF6 Circuit Breaker during its operation: 
 
i) Circuit breaker closed 
ii) Main Contact Separation 
iii) Arcing Contact Separation 
iv) Circuit breaker open 
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In the state of main contact separation the current passes through the arcing contacts and 
consequently no electric arc strikes. As the current runs downwards, the moving part of the 
breaker compresses the contained gas in the lower chamber. At the end of this state the 
pressure of lower and upper chamber is the same due to the fact that the compressed gas 
flows out of the lower into the upper chamber.  
In the state of the arcing contact separation the electric arc strikes between the arcing 
contacts allowing as a result current flow. Moreover, the fact that the fixed arcing contact 
closes the hole the gas cannot get out through the nozzle and it cannot get out through the 
inside of the moving arcing contact either because the electric arc closes this.  
In the state of Open Circuit-breaker the gas flows through the contacts and the self-
generated pressure in upper chamber is reduced and consequently the arc has been 
interrupted. Then fresh gas comes into the breaking chamber as the valve opens. After that 
the breaker is ready to close and then to open in case of fault. 
 
 
Figure 39:GI Circuit Breaker States[66] 
 
The dimensioning of the Circuit Breaker is made according to IEC 60909 Standard and the 
characteristics that are taken into account are the following: 
 
i) Nominal Voltage 
ii) Nominal Current, maximum continuous current 
iii) Nominal Disconnection Current, AC and DC component  
iv) Nominal Disconnection Power 
v) Nominal Connection Current 
vi) Nominal Short-term Current which the breaker withstands in failure 
 
The same type of Gas Insulated Circuit Breakers is installed between MV busbar and each 
string of wind turbines and the MV/LV Power Transformer for auxiliaries.  
  
MV/LV Power transformer for Auxiliaries 
 
The MV/LV Power Transformer is installed in order to supply power to the auxiliaries of the 
wind farm. The transformer has the same characteristics with HV/MV Power Transformer 
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with scale difference (MV/LV transformation). It is equipped with the same protection 
systems and supplies the following loads: 
 
i) Control Building of the wind farm where the control room and necessary rooms with 
equipment for the possible overnight of the maintenance personnel such as sockets 
230V AC, lightning 
ii) SCADA System of the wind farm. 
iii) Security System  
iv) Fire Protection System 
  
The windings of this transformer are in Dyn11 formation. 
 
Instrument Transformers 
 
The Instrument transformers are divided in two categories [67]: 
 
i) Current Transformer 
ii) Voltage Transformer 
 
These transformers are applied in the wind farm substation not only in HV level but also in 
MV level. The purpose of these transformers is to transform the voltage and the current in 
levels that can be measured by an instrument. 
 
The selection of HV Voltage & Current transformers depends on: 
 
i) Standard (IEC, IEEE or national) 
ii) Inductive or capacitor voltage transformers 
iii) Rated insulation level (service voltage) 
iv) Altitude above sea level (if >1000 m) 
v) Rated primary voltage 
vi) Rated secondary voltage 
vii) Ratio 
viii) Rated voltage factor 
ix) Burdens (outputs) and accuracy for each winding 
x) Pollution levels (creepage distance) 
 
 
Figure 40:HV Voltage Transformer[68] 
 
Figure 41:HV Current Transformer[69] 
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In MV, as in the case of HV, current and voltage transformers are installed for the same 
purpose. The requirements that these transformers must follow are set by IEC 60441-1 and 
IEC 60441-2 standards. 
  
MV Switchboard 
 
The MV Switchboard consists of the MV busbar where the input of HV/MV transformer, the 
wind turbine strings, the input of MV/LV transformer and the reactive power compensation 
measures are connected. Moreover, in the switchboard are installed all the MV protection 
systems of these connections with MV surge arresters which protect in case of overvoltage. 
 
 LV Switchboard 
 
The LV Switchboard consists of the LV busbar where the output of the MV/LV transformer 
and the LV loads of the wind farm are connected and the LV protection systems and surge 
arresters of these connections are installed. 
LV protection systems are classified based on their characteristics according to IEC 60255 
and they are named according to ANSI/IEEE C37.2. 
 
Back-up power supply 
 
The back-up power supply is used to supply power to the loads of the wind farm in case of 
power outage of main supply. It is possible to combine the back-up supply systems with 
appliances that monitor the voltage quality of main supply and to be cut off in the case 
where it is out of the proper limits. 
The connection of loads with back-up supply can be done either instantaneous or with delay 
of seconds. The sources of back-up power supply are determined by DIN-EN 62040 Standard. 
The back-up power sources that can be installed in a wind farm are either a battery cluster 
with DC/AC converter or a battery cluster with AC diesel generator and UPS. 
Batteries are used for DC power supply of circuit breakers, the alarm system and the SCADA 
system. Moreover, batteries can cover through the DC/AC converter and UPS all the 
auxiliaries of the plant apart from the fire protection system for the operation of which the 
use of generator is necessary. The installed batteries must offer a total capacity so as an 
autonomy of 48 hours is achieved. 
The diesel generator depending on its power output is connected either in LV or MV.  
 
Figure 42: Battery Cluster & AC Diesel Generator [70] 
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Grounding System 
 
The purpose of a grounding system is to provide a passage of the current to the earth under 
normal and failure conditions (Short Circuit Current at least 16kA) without exceeding the 
operational and equipment limits of the substation and to secure that there is no electric 
shock possibility for a man who is close to the grounded installation [71]. 
During an earth fault the current of grounding system causes overvoltage into and around 
the substation. As a result, if there are no protective measures in grounding system then 
dangerous surface potential profiles for a person can occur in the area around the fault(Step 
Voltage). Moreover, dangerous voltages can be developed between grounded appliances or 
between earth and appliances. 
The earthing system is designed so that the earth resistance is low. This is happening 
because the generated voltage during an earth fault is proportional to earth resistance. 
Consequently, if earth resistance is low then the overvoltage is low too.  
 
Figure 43:Different kind of Dangerous Voltages[72] 
 
The grounding system of the substation is designed according to ANSI/IEEE 80, “IEEE Guide 
for safety in AC Substation Grounding” Standard which points out the following: 
 
i) A continuous conductive loop must surround as much area of the substation as it is 
possible. In this way the concentration of high currents is avoided and thus the 
existence of high voltages within the earth grid and the total ground resistance are 
reduced. 
ii) The grounding conductors inside the loop are placed parallel or perpendicular along 
the equipment. In this way the short circuits are faced more effectively. 
iii) A common earth grid consists of bare copper conductors which are buried in 0.3-
0.7m into the ground and they are in distance of 0.2m among them. The connections 
among the conductors in the node must be tight and the grounding rods are placed 
in the corners of the grid and in the nodes along the perimeter of the grid. 
iv) In the case where high concentrations of current exist (i.e. in neutral-earth 
connection of the transformer) then earth conductors with higher section, greater 
amount of earth conductors and expansion of the grounding system out of the 
substation’s fence are necessary  
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In the case of the substations of onshore wind farms an earth grid with earth rods in the 
perimeter covers the installation’s surface. Designing and the technical characteristics of the 
grounding system, which ends up to the LV TN-S topology, depends on the voltage level and 
the amount of earth fault. 
 
 
Figure 44:Earth Grid [73] 
In the earth grid are connected through earth bars the following: 
 
i) The surge arrester in the HV side 
ii) The metallic parts of the transformer in the HV side 
iii) The MV cells 
iv) The Neutral node of the transformer 
v) The Neutral busbars in LV cells 
vi) The Grounding busbar where the PE conductor is connected 
vii) The grounding system of the lightning protection system  
viii) The grounding system of the Wind Generators 
 
It is acceptable to connect together the MV Cell grounding, the metallic cover of the 
transformer in the HV side and the grounding of the neutral as in this way the total 
resistance of the grounding grid is lower than 0.5Ω.  
The neutral node is grounded through resistor system limiting in this way the earth faults 
intensity (IEEE Standard 142). Specifically, the grounding system limits the possibility of arc 
flash creation and reduces the energy of earth fault through the neutral grounding resistor 
system. 
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Figure 45:HV & Surge Arresters Grounding of Transformer[74] 
Finally, the grounding system of the MV/HV substation is connected with the grounding 
system of wind turbines through the shield of the cables. In this way, the whole plant has a 
common grounding system. 
  
Lightning Protection System 
 
The lightning protection system of the substation of an onshore wind farm is designed 
according to IEC 62305 standard analysis and the components are selected according to EN 
50164. 
The purpose of the lightning protection system is to prevent any lightning strikes to the 
outdoor equipment of the substation and to protect the indoor equipment from the 
lightning electromagnetic impulse of the lightning strike. For this reason the substation is 
divided in two lightning protection zones (LPZ). The LPZ 0 includes the equipment that is 
exposed to direct lightning strikes and the LPZ 1 the equipment exposed to electromagnetic 
impulse.  
 
 
 
 
 
51 
 
The equipment of the substation that needs protection is the following: 
Type of 
Equipment 
Component 
Electrical 
HV/MV main transformer 
HV switchgear 
MV switchgear 
MV/LV auxiliary transformers 
LV main auxiliary switchboard 
LV on site standby generator 
LV emergency switchboard 
Lighting and small power distribution board 
AC/DC UPS systems and distribution boards 
HVAC systems 
Electronic 
SCADA panels  
CCTV system  
Table 4: Equipment under Lightning Protection 
For the protection of equipment in LPZ 0 lightning masts with rods are installed. The height 
of the masts is determined by the rolling sphere method. 
According to this method there is a sphere with radius (R) that depends on the protection 
level and the possibility of direct lightning strike. The sphere rolls to the structure of the 
substation and the areas that do not collide with sphere are safe while the others are not. 
Consequently, the height of the masts is chosen so that the outdoor equipment of the 
substation will not collide with the sphere. The masts are equipped with lightning rods which 
“collect” the lightning strike and they called collection system. The collection system is 
connected with grounding system by cathodic conductors through which the current of the 
lightning flows from the rods to the grounding system. 
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Figure 46:Rolling Sphere Theory[75] 
The indoor electrical and electronic equipment is protected from lightning electromagnetic 
impulse through the following measures:  
i) The metallic components that enter from the outer zone of the substation must be 
bonded.  
ii) On the cables that enter from outer zone must be installed of surge arresters. 
iii) Equipment enclosures acting as magnetic shields  
It is crucial to have all metallic parts of the substation the same potential in order to avoid 
the development of dangerous touch voltages. For this reason all these parts must be 
connected each other and with grounding system (Bonding) in order to create a Faraday 
Cage. 
Reactive Power Compensation 
 
Reactive power compensation is very crucial to the operation of the wind power plant as the 
wind farm must be connected to the grid in accordance with TSO requirements which refer 
to the effects of the plant on grid stability and power quality. The wind farm fulfills these 
requirements through reactive power compensation systems. These systems are selected 
according to the parts of wind farm equipment that mainly affect the reactive power 
generation or consumption within the wind farm are [76]: 
i) Power Transformers in the Substation which consume reactive power 
ii) Collector Cables of wind turbines which mainly generate reactive power 
iii) Power Transformers of Wind Turbines which consume reactive power 
iv) Wind Turbines which either consume or generate reactive power  
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A reactive compensation system is Static Synchronous Compensator (STACOM) which is 
connected in MV busbar. A STATCOM is a device which regulates voltage based on a power 
electronics voltage source converter and operates either as a source or as a sink of reactive 
power. Consequently, it can provide both capacitive and inductive VArs[77].  
 
Figure 47: Statcom  
Drawing [78] 
 
 
Figure 48:Indoor STATCOM [79] 
The main advantages of a STATCOM are the replacement of large passive capacitor banks 
and the very fast response. 
For the installation of a STATCOM an extra transformer is necessary to downsize the MV in 
the operating voltage level of STATCOM. In parallel with STATCOM a harmonic filter is 
connected in order to reduce the voltage harmonic distortion. Usually the transformer is 
close to the STATCOM. The number of installed STATCOMs depends on the amount of the 
reactive power that has to be compensated. 
The design of the STATCOM must comply with the Grid code of the country in which they 
are installed and with IEEE Standard 519-1992 and IEC 61300-3-6. 
A common connection of a STATCOM is given in Figure 46.  
 
 
Figure 49: STATCOM connection[80] 
Finally, another option for reactive power compensation is reactor coils, which look like a 
non-rotating synchronous electrical machine. Reactor coils are controlled by the use of 
thyristors, so that they consume or generate reactive power if the reactive power of wind 
farm is capacitive or inductive respectively.  
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Fire Protection System 
 
The fire protection of a substation is based on fire prevention, fire protection, fire 
suppression and fire recovery philosophies [81].  
According to fire prevention philosophy, equipment and processes are used in order to 
reduce the risk of fire in the substation. For this reason protective measures are taken as for 
instance GIS circuit breakers instead of oil-insulated one and lightning protection system are 
installed to the substation.  
The fire protection philosophy refers to measures that must be taken into account during 
the design of the substation and their purpose is to reduce the hazards in case of fire 
incident. 
The fire protection measures which are defined according to IEEE 979 and NFPA standards 
are [82]: 
 
i) Life safety measures 
ii) Passive fire protection measures 
iii) Active fire protection measures 
iv) Manual fire protection measures 
 
The fire suppression theory refers to the intervention of the local fire department in the case 
where the prevention and protection systems are not installed or do not operate. Finally, 
the fire recovery philosophy refers to measures for the recovery of the substation operation 
after a catastrophic fire. For example, the use of two transformers instead of one so as each 
one of them is able to cover the capacity of the wind farm. 
The purpose of life safety measures is to ensure the safe departure of the occupants from 
the substation area (outdoor and indoor part) in case of fire. For this reason systems must 
be installed in order to detect in early stage the fire and provide fire alarm in the area of 
substation and the fire department. Moreover, exit lighting signs must be installed in the 
indoor part of the substations and exit signs in the outdoor part so that anyone can be able 
to leave the substation area. 
 
 
Figure 50:Emergency Exit Signs[83] 
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The purpose of passive measures is to control the fire spread and to withstand the fire 
effects. In these measures the use of rock around the oil filled equipment, the use of non-
combustible materials and substation grading are included. 
 
 
Figure 51:Rock around the oil filled equipment[84] 
The active fire protection measures warn the occupants of fire existence and extinguish or 
control the fire. They operate automatically and they are designed to extinguish or control 
the fire in early stage without putting the equipment and life into risk. A common active 
system is the automatic suppression system which consists of the following: 
 
i) Extinguishing agent  
ii) Control valves  
iii) Delivery system  
iv) Fire detection equipment 
v) Control equipment 
  
The supply of the agent may be either from the public water network (if the access to it is 
easy) or from a water tank. The valves that can be used are deluge valves, sprinkler valves 
and Halon control valves.  
 
Figure 52:Deluge Valve[85] 
 
The agent is applied to the under fire area in a suitable form and quantity through a 
configuration of piping, nozzles, or generators (e.g. sprinkler piping and heads). 
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The equipment of fire detection and control may be either mechanical or electrical in 
operation. These systems either use a separate fire and detection system or they are 
combined with sprinkler heads.  
To sum up as active systems can be used wet, dry and pre-action sprinklers, deluge systems, 
foam systems, and gaseous systems which follow the IEEE 979 standard. 
 
 
Figure 53:Sprinkler system in Transformer[86] 
Finally, it is recommended manual measures to be used apart from previous type of 
systems. In this category, systems like extinguishers and hose stations are included and they 
require the human presence to operate. The specifications of these systems are covered by 
IEEE 979 standard. 
 
3.2 Substations and Secondary Systems of Offshore Wind Farms 
 
As far as the electrical equipment is concerned the substation of an offshore wind farm does 
not have many differences in comparison with the one of an onshore wind power plant. 
Specifically, the main difference is that the substation in offshore wind farms is offshore.  
The offshore substation includes all the necessary equipment for upgrading the voltage level 
from MV to HV. If the distance between the offshore substation and the shore station is 
great (i.e. 100km) then a AC/DC converter station is added for the conversion of AC to DC 
and another DC/AC shore station from DC to AC which are not relevant to the topic of this 
Dissertation.  
 
 
Figure 54: AC Transmission Scenario[87] 
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Figure 55: DC Transmission Scenario[88] 
Moreover, the HV equipment of an offshore substation is not outdoor but indoor. The HV 
and MV protection systems, the protection systems for cabling in MV and LV bus bars, the 
protection systems of Power Transformer (Generation and Auxiliaries) of an offshore 
substation are same with the onshore one. 
Finally, the offshore substation has differences with onshore one in the form of HV & MV 
protection systems, the grounding and lightning system. Specifically: 
 
HV & MV SF6  Gas Insulated Switchgears 
 
Nowadays in offshore substations SF6 Gas Insulated Switchgears are installed in wind farm 
substations in HV as they consist of: 
 
i) Circuit breakers 
ii) Disconnectors 
iii) Voltage Transformers 
iv) Current Transformers 
v) Earth Switches 
vi) Connecting Elements (Bushings, Surge Arresters) 
 
 
This happens due to the fact that the construction duration of electrical installation is 
reduced and the required space for the substation is lower. Moreover, the maintenance 
requirements are lower. 
The SF6 GIS must comply with the standards of their elements. This means that they must 
comply with the following standards: 
 
Element Standard 
Circuit Breakers IEC 62271-100 
Disconnector IEC62271-102 
Earth Switches IEC62271-102 
Surge Arresters IEC 60071-1 
Bushing IEC 60137 and IEEE C57.19.0 
Voltage & Current Transformer IEC 60441-1 and IEC 60441-2 
Table 5:GIS Standards 
In addition, they must comply with IEC 62271-203 and IEC60044-1. 
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Figure 56:HV SF6  GIS [89] 
 
Moreover, MV GIS installations of an offshore substation are sealed, SF6 insulated and 
equipped with spring operated vacuum circuit-breakers. The cable compartments of MV GIS 
bays are not SF6 insulated.  
The 33kV circuit-breakers do not need to have the option to be physically withdrawn. Fixed 
circuit-breakers are suitable for wind farm applications.   
 
Grounding System 
 
The grounding system of offshore substation is designed with same purpose as in the case of 
onshore substations. There is difference in offshore wind farm related with the part of the 
equipment that plays the role of the earthing electrode. In the case of onshore substations 
this role is played by earth grid but in the case of offshore substations this depends on the 
support structure of the offshore platform. Specifically, if the foundation is made as steel 
jacket then its piles into the seabed act as a solid and efficient earth electrode. Furthermore, 
in the case where the foundation is made as steel monopiles then the steel tube acts as a 
huge earth rod. Consequently, only sufficient conductive and corrosion resistant connections 
between the pile and the tower bottom are necessary [90]. 
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Figure 57:Earthing in Monopiles [91] 
When the foundation is made as a concrete structure then reinforcement performs as 
continuous electrical network and it is welded and bolted all the way from top to bottom. 
Finally, fixed earthing terminals are installed in the top of the structure for the connection to 
the foundation earth. 
 
 
Figure 58: Earthing in Concrete Foundation[92] 
Finally, copper wire with 95mm2 section is used in order to bond all the metallic parts and 
metallic frames of the devices of the substation 
 
Lightning Protection System 
 
The lightning protection system of the substation of the onshore wind farm is designed 
according to IEC 62305 standard analysis and the components according to EN 50164. 
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According to IEC 62305 the platform is divided in lightning protection zones (LPZ). The parts 
included to a LPZ must be bonded. As in the case of onshore substation the outdoor 
equipment belongs to LPZ 0 and the indoor one to LPZ 1. The height and the position of the 
masts   For the designation of the Lightning Protection System the method of rolling sphere 
is used in order to ensure that no major equipment will be damaged. 
The equipment that must be protected against lightning strike and the lightning 
electromagnetic impulse is the following: 
Type of 
Equipment 
Component 
Electrical 
HV/MV main transformer 
HV switchgear 
MV switchgear 
MV/LV auxiliary transformers 
LV main auxiliary switchboard 
LV on site standby generator 
LV emergency switchboard 
Lighting and small power distribution board 
AC/DC UPS systems and distribution boards 
HVAC systems 
Electronic 
SCADA panels  
CCTV system  
Communication panels  
ABA system  
Antennas  
Weather station  
Navigation aids  
VHF radio communication  
Navigation aids control panel and power package 
Table 6: Equipment under Lightning Protection 
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The electrical and electronic equipment located in equipment rooms is protected from 
lightning electromagnetic impulse through the following measures:  
i) The metallic components that enter from the outer zone of the substation must be 
bonded.  
ii) On the cables that enter from outer zone must be installed of surge arresters. 
iii) Equipment enclosures acting as magnetic shields  
HV Onshore Station 
The purpose of the HV onshore station is to connect the wind farm with the grid. The HV 
cable of the offshore substation ends in the HV onshore station and the connection with the 
HV grid takes place. 
The HV onshore station is designed as the HV part of the MV/HV substation of the onshore 
wind farms. Consequently, it consists of the following systems: 
i) Disconnecting Circuit Breakers & Grounding System 
ii) Bushing Insulators 
iii) Instrument Transformers 
iv) Switchboards 
v) Grounding System 
vi) Lightning Protection System 
vii) Reactive Power Control 
viii) Fire Protection System 
The above systems have the same specifications with the one in MV/HV substations of 
onshore wind farms. 
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4. Specifications in Cabling in Onshore & Offshore Wind Farms 
 
4.1 Cable types 
The cables of a wind farm are divided in three categories: 
1) HV Cables 
2) MV Cables  
3) LV Cables  
4) Signal Cables 
The codes and standards that the cables and cable selection must comply are [93]: 
Standard Description 
ANSI/TIA 568B Communications Cabling Standard 
EN 50167 Sectional specification for horizontal floor wiring cables 
with a common overall screen for use in digital communication 
EN 50173 Information technology – Generic cabling systems 
IEC 11801 Information technology – Generic cabling for customer 
premises 
 
IEC 60038 IEC standard voltages 
IEC 60183 Guide to the selection of high-voltage cables 
IEC 60287 Electric cables – Calculating of the current rating 
IEC 60228 Conductors of insulated cables 
IEC 60331 Tests for electrical cables under fire conditions 
IEC 60332 Tests on electric and optical fibre cables under fire 
Conditions 
IEC 60364 Low-voltage electrical installations 
IEC 60724 Short-circuit temperature limits of electric cables with 
rated voltages from of 1 kV (Um=1,2 kV) and up to 3 kV 
(Um=3,6 kV) 
IEC 60754 Test on gasses evolved during combustion of electric 
cables 
IEC 60793 Optical fibres 
IEC 60794 Optical fibre cables 
Table 7: Cable Standards & Codes 
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Standard Description 
IEC 60840 Power cables with extruded insulation and their 
accessories for rated voltages above 30 kV (Um= 36 kV) 
up to 150 kV (Um=170 kV) – Test methods and requirements 
 
IEC 60853 Calculation of the cyclic and emergency current rating of cables 
IEC 60885 Electrical test methods for electrical cables 
IEC 60949 Calculation of thermally permissible short-circuit 
currents, taking into account non-adiabatic heating 
effects 
IEC 60986 Short-circuit temperature limits of electric cables with 
rated voltages from of 6 kV (Um=7,2 kV) and up to 30 kV 
(Um=36 kV) 
 
IEC 61034 Measurement of smoke density of cables burning under 
defined conditions 
 
IEC 61443 Short-circuit temperature limits of electric cables with 
rated voltages above 30 kV (Um=36 kV) 
IEC/TR 62095 Electric cables – Calculation for current ratings – Finite 
element method 
 
IEC 61892 Mobile and fixed offshore units – Electrical installations 
DNV-OS-J201 Offshore Substations for Wind farms 
Table 8: Cable Standards & Codes 
4.2. HV Cables 
HV Cables are overhead in the case of substations in onshore wind farms as they come from 
HV grid end to the HV side of MV/HV Power Transformers through Disconnecting Circuit 
Breakers, Bushing Insulators, HV busbar and other HV equipment. On the other hand, in 
offshore wind farms the HV cables are installed underneath the seabed and ground and they 
end to a HV busbar of the HV onshore station. Then the HV onshore station is connected to 
the grid through overhead HV cables. Consequently, there are differences between the type 
of wind farms as far as the kind of installed cables is concerned. Usually, the overhead line of 
HV cables is made by TSO. 
 
HV cables in Onshore Wind farms 
 
In the case of onshore wind farms the overhead cables have cross-section made by 
Aluminium and Steel (Al/St) and they are called ACSR conductors.  
ACSR conductor consists of 1-3 layers of steel wires and 1-3 layers of aluminum wires. The 
wires are twisted and the twisting direction is opposite to two neighboring layers ensuring in 
this way a good consistency of the conductor. 
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Figure 59:ACSR Conductor [94] 
An ACSR conductor is characterized by the equivalent copper cross-section which is the 
section that the conductor would have if it was made by copper. Moreover, they are 
manufactured, tested and classified according to IEC 61089 Standard. 
 
 
Figure 60:ACSR Conductor Characteristics[95] 
HV cables in Offshore Wind Farms 
 
There are two kinds of HV cables that are installed in offshore wind farms. Specifically, there 
are the HV ground cables which are installed under seabed and ground and the overhead 
ACSR. The first type is installed by the wind farm constructor and the second by TSO and is 
similar with the ACSR conductors of onshore wind farms.  
The HV ground cables are divided in two categories: 
i) Submarine cables 
ii) Underground cables 
The submarine cables are either three or single core XLPE cables and their cross section is 
chosen in order to meet the power transmission capacity of the system. In this way the 
energy losses are reduced. In offshore wind farm applications three core XLPE cables are 
chosen for time and cost efficient reasons [96]. 
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The analyzed structure of the three-core cable is given in the following figure: 
 
Figure 61: Three-core cable with optic fibers, lead sheath and wire armour[97] 
The current rating of submarine cables follows the same rules with underground cables with 
small differences. Specifically, three core cables have steel wire armour while in single core 
one the armour is non-magnetic. 
The continuous current ratings are estimated in accordance with IEC 60287 standard under 
the following conditions: 
− One three-core cable  
− Temperature in sea bed 20°C  
− Laying depth in sea bed 1.0 m  
− Sea bed thermal resistivity 1.0 K x m/W 
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The current ratings of three core cables are given in the following table: 
100-300kV XLPE 3-core cables 
Cross 
Section 
mm2 
Copper 
Conductor 
Aluminium 
Conductor 
A A 
300 530 430 
400 590 485 
500 655 540 
630 715 600 
800 775 660 
1000 825 720 
Table 9: Current Ratings of  
3 core HV cables 
The three core submarine cable connects with three single pole underground cables through 
joints which are placed in triangular formation in order to minimize the magnetic field. 
A single pole underground cable consists of: 
 
Figure 62: Single-core cable with lead sheath and wire armour[98] 
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The continuous current ratings for these cables are estimated in accordance with IEC 60287 
standard under the following conditions [99]: 
 
− One three-phase group of single-core cables 
− Ground temperature 20°C 
− Ambient air temperature 35°C 
− Laying depth L 1.0 m 
−Distance “s” between cable axes laid in flat formation 70 mm + De 
− Ground thermal resistivity 1.0 Km/W 
100-300kV XLPE 1-core cables 
Trefoil Formation 
Cross 
Section 
mm2 
Both Ended 
65oC 
(A) 
90oC 
(A) 
300 385 460 
400 435 525 
500 490 595 
630 550 670 
800 610 745 
1000 670 820 
Table 10: Current Ratings of HV 
 Single Core Cables 
Both cable types must comply with IEC 60228, IEC 60287, IEC 60332, IEC 60502, IEC 60840, 
IEC 60853, IEC 61443 and IEC 62067 standards. 
4.3. MV Cables 
MV cables are installed under the seabed and underground in offshore and onshore wind 
farms respectively. 
MV cables in Onshore Wind Farms 
 
MV cables are installed in the internal grid of the wind farm. The connection between wind 
turbines of a feeder line (string), which ends to the MV busbar of the substation, is made 
with MV cables buried in the ground. The cables can be either XLPE single core or XLPE 
three-core. If the designer emphasizes in the investment cost then three-core cables are 
chosen. In the case where the reliability of the wind farm is in the forefront then three single 
core cables are installed. 
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The operating MV voltage of the plant is usually 33kV so cables operating in this amount of 
voltage are chosen. 
The XLPE MV cables are constructed according to IEC 60502-2:2014 standard which specifies 
the construction, dimensions and test requirements of cables with extruded solid insulation 
for voltages from 6-36kV[100].  
The cable conductors must comply with IEC 60228 standard which specifies for conductors 
in power cables the nominal cross-sectional areas in a range from 0,5mm2 to 2500mm2. 
 
The analyzed structure of the three-core cable is given in the following figure: 
 
Figure 63: MV three-core cable[101] 
 
The continuous current ratings of three-core are estimated in accordance with IEC 60502-2 
standard under the following conditions: 
− One three-core cable  
− Temperature in soil 20°C  
− Operating Temperature 20°C 
− Thermal resistivity 100oC cm/W 
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6-36kV XLPE Three-core cables 
Cross 
Section 
mm2 
Copper 
Conductor 
Aluminium 
Conductor 
A A 
50 225 175 
70 270 210 
95 330 255 
120 370 290 
150 415 320 
185 465 360 
240 540 420 
300 620 490 
Table 11: Current Ratings of MV 
 Three Core Cables 
The analyzed structure of single-core cable is given in the following figure: 
 
Figure 64: MV Single-core cable[102] 
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The continuous current ratings of single-core cables are estimated in accordance with IEC 
60502-2 standard under the following conditions: 
− One three-core cable  
− Temperature in soil 20°C  
− Operating Temperature 20°C 
− Thermal resistivity 100oC cm/W 
 
6-36kV XLPE Single-core cables 
Cross 
Section 
mm2 
Copper 
Conductor 
Aluminium 
Conductor 
A A 
50 230 180 
70 280 220 
95 335 260 
120 385 300 
150 430 335 
185 490 380 
240 560 440 
300 640 500 
400 720 570 
500 810 640 
630 910 740 
800 1015 830 
1000 1110 935 
Table 12: Current Ratings of MV 
 Single Core Cables 
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MV cables in Offshore Wind Farms 
 
The MV cables in offshore wind farms are installed as in the case of onshore parks for the 
connection of wind turbines of a feeder line and for the connection of the feeder line to the 
MV busbar of the substation. 
The MV cables are three-core and they are of the same type with submarine HV cable. The 
only difference is that they are designed for lower operating temperature.  
The continuous current ratings are estimated in accordance with IEC 60287 standard under 
the following conditions: 
− One three-core cable  
− Temperature in sea bed 20°C  
− Laying depth in sea bed 1.0 m  
− Sea bed thermal resistivity 1.0 K x m/W 
The current ratings of three core cables are given in the following table: 
 
10-90kV XLPE 3-core cables 
Cross 
Section 
mm2 
Copper 
Conductor 
Aluminium 
Conductor 
A A 
95 300 235 
120 340 265 
150 375 300 
185 420 335 
240 480 385 
300 530 430 
400 590 485 
500 655 540 
630 715 600 
800 775 660 
1000 825 720 
Table 13: Current Ratings of MV 
 Three Core Cables 
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4.4. LV Cables 
LV cables in Onshore Wind Farms 
 
The auxiliaries (i.e. lighting, socket outlets, fire protection system) of an onshore wind farm 
need power supply and this is achieved by LV cable which NYY type. In the case where high 
possibility for fire exists then XLPE/CWB/SHF1-HF type are installed which are mainly used in 
offshore substations. The operating voltage of the cables can be 230V or 400V and so cables 
for 0.6/1kV are installed. 
The cables must comply with VDE 0276 standard and onshore substations are an industrial 
installation which is dry and the cables are not subject to severe mechanical stresses. 
The cross section and the number of conductors of cables depend on the amount of electric 
loads (1 phase/3 phase). The current ratings of the cables are given in Appendix 2 according 
VDE 0276.  
 
LV cables in Offshore Wind Farms 
 
LV cables are installed in offshore substation for the power supply of auxiliaries (i.e. lighting, 
socket outlets, fire protection system) from main and back-up supply system and they are 
XLPE/CWB/SHF1-HF type. The operating voltage of the cables can be 230V or 400V and so 
cables for 0.6/1kV are installed.  
The cables must be selected and comply in accordance with IEC 60092-352 and IEC 60092-
353 standards and their design should be: 
Conductor: Stranded bare copper 
Insulation: Cross linked polyethylene (XLPE) 
Inner covering: Halogen free filler (i.e polyolefin) 
Armouring: Copper braids (Tinned) 
 
All cables must be fire resistant in accordance with IEC 60331 and IEC 60332-3-22 standards 
while they must emit low levels of smoke according to IEC 61034-1&2 standards. Moreover, 
cabling installed in rooms with diesel containing equipment must be oil resistant which 
means that must comply with IEC 60092-359 standard. 
The cables from switchgear to consumer must have an integral dedicated earth wire. 
Finally, the cables that are installed outdoor must be UV resistant. Cables must not contain 
PVC because it consists of halogen which jeopardizes personnel health and is highly 
corrosive. Consequently, they must comply with IEC 60754-1&2 standards. 
 
Figure 65: XLPE/CWB/SHF1-HF Three-core cable[103] 
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Signal Cables 
The signal cables in onshore and offshore wind farms are common and they are used in the 
following systems: 
 
i) Digital Communication (CAT 5E Cables, Coax Cables, Optical Fibre) 
ii) Fire Protection and Alarm (Twisted Pairs) 
iii) Equipment monitoring and Alarm (Twisted or Non-Twisted Pairs) 
 
CAT 5E Cables 
 
The CAT 5E Cables must be manufactured according to ANSI/TIA 568B Standard and they 
should be standard twisted 4 pair 100MHz.  
The cables consist of: 
 
Conductor: Bare copper (D. 0.52mm) 
Conductor insulation: Polyethylene, PE 
Collective screen: Aluminum/polyester tape with tinned copper drain wire and tinned 
copper braid 
Outer sheath: Polyolefin 
 
Coax cables 
 
Coax cables should be standard 50 ohms and they should consist of: 
 
Conductor: Bare copper-stranded 7 x 0.75mm 
Dielectric: Solid polyethylene Ø7.24mm 
Inner screening: Bare/tinned copper braid 
Inner jacket: Halogen free compound (outer sheath if used inside) 
Armouring: Tinned copper braid (applicable for outdoor use) 
Outer Sheath: Halogen free compound (applicable for outdoor use) 
 
Optical fibre cables 
 
Optical fibre cables are installed in cases where the transmission distance of the data is very 
high or very fast data transmission is required. The characteristics of optical fibre cables are 
the following: 
 
Optical fiber: Single mode type G.652D 
Multi mode glass core 62.5 μm 
Clading diameter: 125 μm 
Armouring: Double-sided LSZH corrugated steel tape 
Outer Sheath: LSZH with parallel double steel wire as strength member. 
 
Twisted pair cables 
 
If the installation does not require individual monitoring screen hen the twisted pair cables 
should normally be with common screen. The characteristics of these cables are the 
following: 
 
Conductor: Stranded bare copper (Ø 0.75mm2) Twisted in pairs 
Insulation: Cross linked polyethylene, XLPE 
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Collective screen: Aluminum/polyester tape with tinned copper drain wire and tinned 
copper braid 
Armouring: Tinned copper braid 
Outer sheath: Polyolefin 
 
No twisted pair cables 
 
Non twisted cables should normally be with common screen and without an integral 
dedicated green/yellow earth wire. The characteristics of them are the following: 
 
Conductor: Stranded bare copper 
Insulation: Cross linked polyethylene (XLPE) 
Inner covering: Halogen free filler (i.e. polyolefin) 
Armouring: Copper braids (Tinned) 
Outer sheath: Polyolefin 
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5. Risk Analysis in electrical infrastructure of Wind Farms 
There are several risks with minor or significant consequences in electrical infrastructure 
during the installation and the operation of a wind farm. 
Risk according to AS/NZS 4360:04 is the chance of something happening that will have an 
impact on objectives and it is a multiplication of the consequences of an event and its 
likelihood to occur. Likelihood in accordance with ISO 31000(2009) is the chance of 
something happening and is expressed either qualitatively or quantitatively. Consequences 
are the impact of an event. [104] 
In this chapter significant risks of electrical infrastructure in both types of wind farms will be 
analyzed during installation and operation and they will be presented in risk matrices.  
Risks matrices are used to rank and prioritize risk of events and to make decisions if certain 
risks can be tolerated. A risk matrix depicts the basic properties, ‘‘consequence’’ and 
‘‘likelihood’’, of an adverse event and the aggregate notion of risk by means of a graph. It 
uses discrete categories of consequence, likelihood, and risk. The combinations of 
consequence and likelihood are mapped on to a limited number of risk categories (often 
visualized by different colors) and this mapping may include subjective considerations, such 
as major hazard aversion. [105] 
Risk Matrix 
Likelihood 
Severity 
1 2 3 4 5 
5 Low Medium High High High 
4 Low Medium Medium High High 
3 Low Medium Medium Medium High 
2 Low Low Medium Medium Medium 
1 Low Low Low Low Low 
Table 14: Risk Matrix 
The risks during the analysis are divided in two main categories: 
i) Installation Risks 
ii) Operation Risks 
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For each main category, risks for the following parts of wind farms are taken into account: 
a/a Equipment  
1 Cables 
2 Substation 
3 Secondary Systems (Lightning Protection System, 
Grounding System, Fire Protection System, Auxiliaries) 
4 TSO related risks 
Table 15: Equipment Category 
The classification of likelihood of an event to occur is qualitative and in five categories: 
 
Likelihood Category  Amount of Possibility 
1 Very Low 
2 Low 
3 Medium 
4 High 
5 Very High 
Table 16: Likelihood Classification 
As far as the likelihood of operational failures is concerned, it is classified to same categories 
according to failure rates [106]: 
 
Likelihood Category  Amount of Possibility Failure Rate/year 
1 Very Low Failures/year<0.001 
2 Low 0.001<Failures/year<0.05 
3 Medium 0.05<Failures/year<0.1 
4 High 0.1<Failures/year<0.2 
5 Very High 0.2<Failures/year<0.5 
Table 17: Likelihood Classification of Failures 
The classification of consequence taking into account the impact of the event in viability of 
the project and the health and safety of people is in accordance with level of severity: 
 
Severity Category  Amount of Severity 
1 Very Low 
2 Low 
3 Medium 
4 High 
5 Very High 
Table 18: Severity Classification 
 
The examined risks, the possibility and the severity of their occurrence are based on 
references and on interviews with Specialists who replied a Questionnaire with hazardous 
events. The replies of Specialists are presented in Appendices  3, 4 and 5. 
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Moreover, the mean value of likelihood and severity is calculated in order to draw 
conclusions. 
 
The analyzed risks for each type of wind farm related with certifications, requirements and 
tenders are the following: 
 
i. Risk of no sufficient document supply to contractor by designer. 
ii. Risk if electrical concepts are not in place of tender evaluation 
iii. Risk of unaccepted Fire Fighting Equipment by Certifier. 
iv. Risk of misalignment in equipment specifications and design of the wind farm 
between Contractor and Certifier. 
v. Risk if the requirement of TSO for power quality is not achieved. 
vi. Risk of deviation from environmental permits during installation (i.e. cable 
installation and environmental permits, noise generation) 
The analyzed risks during the installation and the operation of cables for each type of wind 
farm are the following: 
 
i. Risk of delay in cable delivery. 
ii. Risk of delay in excavation works of cable installation due to unexpected soil 
conditions  
iii. Risk of accidents in cable installation due to language barriers between workers. 
iv. Risk of misalignment between the installation of interconnection cable and 
Substation installation. 
v. Risk of cable damage during installation.[107] 
vi. Risk of improperly chosen cable route for cable installation. 
vii. Risk of insufficient work front in cable installation. 
viii. Risk of increased price of copper in cable installations. 
ix. Risk of using HV aluminum cables instead of copper cables. 
x. Risk of improper cross section selection of HV cables. 
xi. Risk of improper cross section selection of MV cables. 
xii. Risk if TSO is responsible for the installation of HV cable. 
xiii. Risk of cable crossing above pipelines.[107] 
xiv. Risk of insufficient cable protection. 
xv. Risk of failure in insulation of HV cables. 
xvi. Risk of failure in insulation of MV cables. 
xvii. Risk of failure in insulation of LV cables. 
xviii. Risk of gassing problems to HV cables. [107] 
xix. Risk of gassing problems to MV cables. [107] 
xx. Risk of joint failure in HV cables. [108] 
xxi. Risk of joint failure in MV cables. [108] 
xxii. Risk of cable fatigue in soil. [107] 
xxiii. Risk of cable damage due to soil erosion and agricultural activities. 
xxiv. Risk of HV cable damage due to dredging.[109] 
xxv. Risk of HV cable damage due to fishing.[109] 
xxvi. Risk of HV cable damage due to shipping.[109] 
xxvii. Risk of single phase short circuit in MV cables. [110] 
xxviii. Risk of single phase short circuit in HV cables. [110] 
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xxix. Risk of three phase short circuit in MV cables. [110] 
xxx. Risk of three phase short circuit in HV cables. [110] 
xxxi. Risk of earth fault in MV cables. 
xxxii. Risk of earth fault in HV cables. 
xxxiii. Risk of fault in fiber optic cable. 
xxxiv. Risk of failure in HV cables. [111] 
xxxv. Risk of failure in MV cables. [111] 
xxxvi. Risk of WTG unavailability due to feeder cable damage. [112] 
The analyzed risks during the installation and the operation of substation for each type of 
wind farm are the following: 
 
i. Risk of delay if TSO is the provider of Substation 
ii. Risk of delay in delivery of transformers. 
iii. Risk of delay in construction of substation. 
iv. Risk of misalignment in specifications of substation installation. 
v. Risk of improper cable connections to MV busbar. 
vi. Risk of improper cable connections to LV busbar. 
vii. Risk of using seawater as a cooling medium in OSS. [113] 
viii. Risk during the shipping of OSS. [113] 
ix. Risk of shipping a non operational OSS. [113] 
x. Risk of Power Transformer failure. [112] 
xi. Risk of Transformer Winding Overtemperature. [114] 
xii. Risk of no operation of Transformer protection relays. [114] 
xiii. Risk of HV Circuit Breaker Failure. [115] 
xiv. Risk of MV Circuit Breaker Failure. [115] 
xv. Risk of HV Disconnector Failure. [115] 
xvi. Risk of MV Disconnector Failure. [115] 
xvii. Risk of HV GIS failure. [116]  
xviii. Risk of MV GIS failure. [116]  
xix. Risk of HV Surge Arrester failure  
xx. Risk of MV Surge Arrester failure  
xxi. Risk of LV Surge Arrester failure  
xxii. Risk of corrosion in HV busbar and connection points. [115] 
xxiii. Risk of corrosion in MV busbar and connection points. [115] 
xxiv. Risk of failures in MV busbar. [115] 
xxv. Risk of failures in HV busbar. [115] 
xxvi. Risk of failures in LV busbar. [115] 
xxvii. Risk of failure in Reactor coils. [117] 
xxviii. Risk of failure STATCOM. [117] 
xxix. Risk of malfunction of Back-up Power Supply system 
xxx. Risk of High voltage faults. [113] 
xxxi. Risk of Short Circuit in electrical installations. [113] 
xxxii. Risk of SF6 release. [113] 
xxxiii. Risk of Hydrogen Release from batteries. [113] 
xxxiv. Risk of battery leakage. [113] 
xxxv. Risk of HV switchgear fire. [113] 
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xxxvi. Risk of LV equipment fire. [113] 
xxxvii. Risk of emergency generator fire.[113] 
xxxviii. Risk of Electric Shock. [113] 
 
The analyzed risks during the installation and the operation of secondary systems for each 
type of wind farm are the following: 
i. Risk of delay in grounding system installation 
ii. Risk of delay in lightning protection system installation 
iii. Risk of delay in Fire Protection System installation 
iv. Risk of delay in Power Back-up System installation 
v. Risk of delay in SCADA System installation 
vi. Risk of improper grounding of transformer. 
vii. Risk of no tight connection of conductors of grounding system. 
viii. Risk of insufficient amount of installed rods and conductors of grounding system. 
ix. Risk of corrosion of conductor of grounding system due to cathodic protection 
system failure. 
x. Risk of discontinuity of grounding system. 
xi. Risk of no tight installation of conductors of lightning system. 
xii. Risk of improper selection of lightning collection rods. 
xiii. Risk of fire due to lightning strike. 
xiv. Risk of improper installation of water supply system of Fire protection system. 
xv. Risk of improper installation of emergency exit signs. 
xvi. Risk of improper installation of transformers fire fighting system. 
xvii. Risk of improper installation of  SCADA room fire fighting system. 
xviii. Risk for delay in availability on SCADA and Communication Equipment 
xix. Risk of no proper installation of Power back-up system 
xx. Risk of discontinuity in conductors of  lightning system 
xxi. Risk of Electromagnetic Impulse Effect in devices of Substation. [113] 
xxii. Risk of no operation of SCADA and Communication Equipment. [113] 
xxiii. Risk of failure in auxiliary systems transformer. [113] 
xxiv. Risk of HVAC system failure. [113] 
 
The analyzed risks related with TSO for each type of wind farm are the following: 
 
i. Risk of delay in grid construction by TSO 
ii. Risk of HV cable failure during the activation of the wind farm 
iii. Risk of MV cable failure during the activation of the wind farm 
iv. Risk of Power transformer failure during the activation of the wind farm 
v. Risk of intermittent operation due to TSO grid failures. [117] 
vi. Risk of overvoltage in TSO grid 
vii. Risk of failure in Substation due to Short Circuit in the TSO grid 
viii. Risk of failure in HV cable due to Short Circuit in the TSO grid 
For each category of event a general table is made with their mean likelihood and 
consequence and their risk value will be presented. Moreover, a diagram will present the 
value that each specialist sets to the risk type. 
80 
 
 
The risks (R) are classified in three categories according to their value (Risk=Likelihood x 
Severity) [118]: 
 
a/a Type of Risk Value 
1 Low Risk 1-5 
2 Medium Risk 6-12 
3 High Risk 13-25 
Table 19:Risk Classification 
5.1. Risks in Certification-TSO Requirements and Tender  
The value of this type of risks and the likelihood and severity of the event in offshore and 
onshore wind farms are given to the following table: 
Certifications-Requirements-Tenders 
a/a Risk Severity 
Probability of 
Occurrence 
Risk Value 
1 
Risk of no sufficient document 
supply to contractor by designer. 
5 - Very High 2 - Low 10 
2 
Risk if electrical concepts are not in 
place of tender evaluation 
5 - Very High 1 - Very Low 5 
3 
Risk of unaccepted Fire Fighting 
Equipment by Certifier. 
3 - Medium 2 - Low 6 
4 
Risk of misalignment in equipment 
specifications and design of the 
wind farm between Contractor and 
Certifier. 
4 - High 2 - Low 8 
5 
Risk if the requirement of TSO for 
power quality is not achieved. 
4 - High 2 - Low 8 
6 
Risk of deviation from 
environmental permits during 
installation (i.e. cable installation 
and environmental permits, noise 
generation) 
4 - High 2 - Low 8 
Table 20: Risks Related with Certifications-Requirements-Tenders 
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From Table 20 is obvious that the most significant risks are the following: 
 
i) No sufficient document supply to contractor by designer. 
ii) The misalignment between Contractor and Certifier in specifications of equipment 
and the design of the wind farm. 
iii) Low Power Quality to the grid due to Harmonic distortion and Reactive Power. 
iv) Deviation from environmental permits which can cause delays to the project delivery 
and penalties. In the case where an authority realizes that  then it will stop the 
process, it will examine if all the installed parts of the wind farm comply with 
environmental standards and it will charge a penalty. The worst scenario is to cancel 
the published environmental permit of the project. Consequently, the contractor must 
follow the environmental permit.  
 
Risk Mitigation Measures 
 
These risks can be avoided with following measures: 
i) The contractor must set an engineer responsible for assessing the equipment and the 
standards that must follow. In that case the equipment will follow the Certifier 
requirements. 
ii) For providing power quality complied with TSO requirements then a better design of 
Harmonic Filters and selection of Reactive Power Compensation must be done. 
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5.2. Risks in Cable Installation 
The value of this type of risks and the likelihood and severity of the event in offshore and 
onshore wind farms are given to the following table: 
Cable Installation (LV,MV,HV) 
a/a Risk Severity 
Probability of 
Occurrence 
Risk Value 
1 Delay in cable delivery 2 - Low 3- Medium 6 
2 
Risk of delay in excavation works 
of cable installation due to 
unexpected soil conditions 
1 - Very Low 1 - Very Low 1 
3 
Risk of accidents in cable 
installation due to language 
barriers between workers 
1 - Very Low 1 - Very Low 1 
4 
Risk of misalignment between 
the installation of 
interconnection cable and 
Substation installation 
1 - Very Low 1 - Very Low 1 
5 
Risk of cable damage during 
installation 
1 - Very Low 1 - Very Low 1 
6 
Risk of improperly chosen cable 
route for cable installation 
1 - Very Low 1 - Very Low 1 
7 
Risk of insufficient work front in 
cable installation 
1 - Very Low 1 - Very Low 1 
8 
Risk of increased price of copper 
in cable installations 
1 - Very Low 1 - Very Low 1 
9 
Risk of using HV aluminum 
cables instead of copper cables 
1 - Very Low 1 - Very Low 1 
10 
Risk if TSO is responsible for the 
installation of HV cable 
1 - Very Low 1 - Very Low 1 
11 
Risk of cable crossing above 
pipelines 
1 - Very Low 1 - Very Low 1 
Table 21: Risks Related with Cable Installation 
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From Table 21 is obvious that the most important risk is the delay in cables delivery which 
can be mitigated by estimating a wide time frame for its installation and by early order of 
them. 
5.3. Risks in Substation Installation 
The value of this type of risks and the likelihood and severity of the event in offshore and 
onshore wind farms are given to the following table: 
Substation Installation 
a/a Risk Severity 
Probability of 
Occurrence 
Risk Value 
1 
Risk of delay if TSO is the 
provider of Substation 
2- Low 3 - Medium 6 
2 
Risk of delay in delivery of 
transformers. 
1 - Very Low 1 - Very Low 1 
3 
Risk of delay in construction of 
substation. 
2 - Low 2 - Low 4 
4 
Risk of misalignment in 
specifications of substation 
installation. 
1 - Very Low 1 - Very Low 1 
5 
Risk of improper cable 
connections to MV busbar 
1 - Very Low 1 - Very Low 1 
6 
Risk of improper cable 
connections to LV busbar 
1 - Very Low 1 - Very Low 1 
7 Risk during the shipping of OSS. 1 - Very Low 1 - Very Low 1 
8 
Risk of shipping a non 
operational OSS 
1 - Very Low 1 - Very Low 1 
9 
Delays and mistakes in detailed 
engineering, due to too less 
workforce. 
3 - Medium 2 - Low 6 
Table 22: Risks related with Substation Installation 
From Table 22 is obvious that the most significant risks are the following: 
i) Substation supply by TSO 
ii) Delays and mistakes in detailed engineering due to low workforce.  
These events have the same amount of risk while the impact of the fact that TSO is the 
supplier of the substation is lower than the mistakes in detailed engineering. When TSO is 
supplier of Substation then it is possible delay to the deliveries due to heavy workload of 
TSO to occur.  
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Consequently, both risks mean that the activation of the plant will be delayed and so the 
pay-back period of the project will be extended. 
The probability of occurrence for all the other events and their impact is very low. 
Risk Mitigation Measures 
The risk of Substation supply by TSO can be mitigated by setting in the contract between the 
client and TSO heavy penalties in case of late deliveries and damages. 
For avoiding delays and mistakes in detailed engineering due to low workforce then highly 
qualified engineers and constructors must be responsible for the project. 
 
 
5.4. Risks in Secondary Systems Installation 
The value of this type of risks and the likelihood and severity of the event in offshore and 
onshore wind farms are given to the following table: 
Secondary systems Installation 
a/a Risk Severity  
Probability of 
Occurrence Risk Value 
1 
Risk of delay in grounding 
system installation 
1 - Very Low 1 - Very Low 1 
2 
Risk of delay in lightning 
protection system installation 
1 - Very Low 1 - Very Low 1 
3 
Risk of delay in Fire Protection 
System installation 
1 - Very Low 1 - Very Low 1 
4 
Risk of delay in Power Back-up 
System installation 
1 - Very Low 1 - Very Low 1 
5 
Risk of delay in SCADA System 
installation 
2 - Low 2 - Low 4 
Table 23: Risks related with Secondary Systems Installation 
From Table 23 is obvious that the most significant risk is the delay in SCADA system 
installation. The probability of this event is medium although the severity of its consequence 
is low.  
This event is severe in the only case where the wind farm is activated. In that case power 
outage of the wind farm cannot be diagnosed and so loss of revenues occurs. 
The probability of occurrence for all the other events and their impact is very low. 
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5.5. Risks in Cable Operation 
There are several hazardous events related with the HV, MV and LV Cables operation. The 
mean value of their likelihood and severity and their risk are given in Appendix 5. 
In this part only the most significant of them are analyzed which are in the following table: 
Operational Risks of cables 
a/a Risk Severity 
Probability of 
Occurrence 
Risk Value 
1 
Risk of HV cable damage due 
to dredging 
3 - Medium 2 - Low 6 
2 
Risk HV cable damage due to 
fishing 
3 - Medium 2 - Low 6 
3 
Risk HV cable damage due to 
shipping 
3 - Medium 2 - Low 6 
4 Risk of failure of HV cables 5 – Very High 4 - High 20 
5 Risk of failure  of MV cables 3 - Medium 4 - High 12 
Table 24: Operational Risks of Cables 
From Table 24 is obvious that the most significant risk is the failure of HV cables as in the 
case where a failure occurs then the wind farm will be out of order. Moreover, the HV cable 
cost and the necessary time for a repair are high so the financial impact to the project is very 
high.  
Specifically, for a 100MW offshore wind farm the mean time for the repair of a cable is 90 
days. [119] 
The same risk for MV cables is important but not as high as in the case of HV cables. This 
happens due to the fact that only a part of the total generation of the plant is lost.  
 
Risk Mitigation Measures 
 
The risk of HV Cable Failure can be reduced by the installation of two independent cable 
lines. It is obvious that the investment cost will be increased but the loss in energy 
generation will be reduced significantly. For example, the cable cost of a 100MW offshore 
wind farm with two interconnection cables is 10000 k$ while the cable in the case of one 
interconnection cable is 5000 k$. Moreover, the annual loss of energy will be reduced from 
2.160 MWh to 21.6 MWh.  
The loss of energy can be converted into an initial capital cost equivalent through 
unavailability factor “C” (Appendix 6). The unavailability factor has as units $/kWh/yr and its 
meaning is that an incremental capital investment of C to avoid a 1kWh annual loss of 
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energy generation is justified at the rate of return used to calculate the C factor. The 
unavailability factor depends on the selling price and the tax credit of wind generation. [119]  
If in our case the unavailability factor is 0.5$/kWh/yr then the evaluated unavailability cost is 
respectively 1080k$ and 10.8k$ for one cable and two cable installation. Consequently, the 
total cost of cabling is respectively 6.080k$ and 10010.8k$ for one cable and two cable 
installation. If the price of generation is higher and the tax credit is lower, then the 
unavailability factor is higher and so the installation of two transmission cables.  
 
Parameters One Transmission 
Cable 
Two Transmission 
Cables 
Installation Cost(k$) 5000 10000 
Annual  
Transmission Outage(h/yr) 
21.6 0.22 
 Energy Loss 
per year(MWh/yr) 
2160 21.6 
Unavailability Factor($/kWh/yr) 0.5 0.5 
Evaluated  
Unavailability Cost(k$) 
1080 10.8 
Total Cost of Cabling(k$) 6080 10010.8 
Table 25: Evaluation of Transmission Cable Redundancy for 100MW Wind Farm 
For the mitigation of MV cable failure and to create maximum availability, it should be 
considered to interconnect several strings of WTGs by means of back-up array MV cable. In 
case of MV cable fault in between two WTGs or in case a MV GIS feeder is out of operation, 
all WTGs can remain energized via back-up cables. 
5.6. Operational Risks related with TSO 
Grid failures are of great importance as they stop the operation of wind farms. Although, the 
probability to occur is low, in such a case the low time-length intermittence causes loss of 
revenues. Other risks relevant with TSO are very low and their mean value is presented in 
Appendix 5. 
Risks related with TSO 
a/a Risk Severity  
Probability of 
Occurrence Risk Value 
1 
Risk of intermittent operation 
due to TSO grid failures 
3 - Medium 2 - Low 6 
Table 26:TSO related risks 
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5. 7. Risks in Substation Operation 
There are several hazardous events related with Transformer operation. The mean value of 
their likelihood and severity and their risk are given in Appendix 5. 
In this part only the most important of them are analyzed which are in the following table: 
 
Operational Risks of Substation 
a/a Risk Severity  
Probability of 
Occurrence Risk Value 
1 Risk of Transformer failure 5 - Very High 3 - Medium 15 
2 
Risk of HV Circuit Breaker 
Failure 
4 - High 2 - Low 8 
3 
Risk of MV Circuit Breaker 
Failure 
3 - Medium 2 - Low 6 
4 Risk of HV Disconnector Failure 4 - High 2 - Low 8 
5 
Risk of MV Disconnector 
Failure 
3 - Medium 2 - Low 6 
6 Risk of HV GIS failure  3 - Medium 2 - Low 6 
7 Risk of MV GIS failure  2 - Low 2 - Low 4 
8 Risk of failures in HV busbar 3 - Medium 2 - Low 6 
9 Risk of failures in MV busbar 3 - Medium 2 - Low 6 
10 Risk of failures in LV busbar 3 - Medium 2 - Low 6 
11 Risk of failure in Reactor coils 3 - Medium 2 - Low 6 
12 
No maintenance and 
Inspection of Transformers 
4- High 3 - Medium 12 
13 
Risk of Transformers Winding 
overtemperature 
4 - High 2 - Low 8 
14 
Risk of no operation of 
protection relays of 
Transformer 
3 - Medium 2 - Low 6 
Table 27: Operational Risks of Substation 
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From Table 27 is obvious that the hazardous events with the highest value of risk are the 
failure and the improper maintenance of Power Transformer as in the case where a failure 
occurs then the whole wind farm will be out of operation. Moreover, failures related with 
HV Circuit Breaker and Disconnector as well as the winding overtemperature of the 
transformer have the same value of risk. In all cases, the probability of occurrence is low. 
 
The necessary time for the replace of Transformer is 10 months so loss of energy occurs for 
that period.  
 
Risk Mitigation Measures 
 
Possible solutions to avoid such kind of events are the following: 
 
i) Proper maintenance of transformers and design of its protection systems. 
ii) Sectionalized design of the substation with two transformers. 
 
In the case where two transformers are installed with unavailability factor 0.5 $/kWh/yr 
then the total cost of a transformer is 3992k$ while in the case where only one transformer 
is installed then the total cost is 4672k$. Consequently, it is obvious that the installation of 
two Power Transformers is profitable. [119] 
 
Parameters One Transformer Two Transformers 
Installation Cost(k$) 1000 1400 
Energy Loss 
per year(MWh/yr) 
7344 5184 
Unavailability Factor($/kWh/yr) 0.5 0.5 
Evaluated  
Unavailability Cost(k$) 
3672 2592 
Total Cost of Transformer(k$) 4672 3992 
Table 28:Evaluation of transformer redundancy 
 
5.8. Risks in Secondary Systems Operation   
The value of risks in operation of secondary systems is very low and specifically equal with 
“1”.  The table for this kind of risks is presented in Appendix 5. 
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6. Conclusions 
The analysis in the previous chapters provides answers to a number of important points 
related to the construction and the reliable operation of a wind farm. These questions are: 
 
i) Why offshore wind farms have higher energy productivity and more difficult 
maintenance in comparison with onshore one? 
As far as the first question is concerned the annual generated energy in offshore wind farms 
is higher because the wind resource in offshore areas is better. This is happening due to the 
fact that in this kind of areas turbulence and wind shear are lower and the wind speed 
higher. Moreover, the access in offshore wind farms is more difficult due to the use of ship 
or helicopter while this kind of wind farms has higher investment costs.  
ii) Which are the most important steps in the construction process of wind farms? 
The most important issue in the installation procedure of wind farms is the ordering of 
transformers and wind turbines as their delivery time ranges 5-10 months. Consequently, 
the ordering must take place in the early stages of the project in order to be available in the 
substation construction and erection of wind turbines steps. Moreover, Horizontal 
Directional Drilling and excavation works can cause delays in the construction process if no 
proper geotechnical design is conducted. In addition, weather conditions can cause delays in 
the construction process. For this reason, activities highly affected by weather conditions 
must be scheduled in spring or summer.  
For reliability reasons in the operation of a wind farm a sectionalized bus arrangement of 
substation must be selected because in case of transformer failure then only 50% of the 
total production of the wind farm will be out of order. 
iii) What kind of specifications must be followed in the design of electrical infrastructure of 
wind farm? 
The equipment of electrical infrastructure of the plant must follow IEC standards. In the 
electrical infrastructure substation, cables and secondary systems are included. 
iv) What kind of protection systems must be installed in the electrical infrastructure of wind 
farms? 
The equipment of electrical infrastructure of the plant must follow IEC standards. In the 
electrical infrastructure substation, cables and secondary systems are included. The 
substation is equipped with GIS in MV and HV, Bushing insulators selected according to 
atmospheric pollution of the area, Back-up power supply system, Transformers, Grounding 
and Lightning Protection systems. In addition, it is equipped with Fire Protection System 
according to IEEE 979 and reactive power compensation system with harmonic filters. 
Furthermore, HV cables are either overhead ACSR type or Three-Core XLPE and underground 
and MV cables are XLPE three-core. 
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v) Which are the most important risks in the installation and operation of electrical 
infrastructure of wind farms? 
 
As far as the most important risks in installation and operation of wind farms is concerned 
these are the following: 
i) Delays and Mistakes in detailed engineering 
ii) Low power Quality 
iii) HV cable failures 
iv) Transformer failures 
Delays and mistakes in detailed engineering causes delay in the construction process 
resulting to the delay in the activation of the wind farm. As a result, a delay in the payback 
period of the investment will be occurred. In the case where the quality of generated power 
is low then TSO will require the disconnection of the plant from the grid. The main 
consequence of this event is the loss of revenues. Finally, failures of HV cables and 
Transformers lead to loss of revenues too. For the decrease of the impact of Transformer  
failures sectionalized design of substation and proper maintenance of transformer is 
advisable. The installation of two redundant cable lines depends on the selling price of 
energy. 
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APPENDIX 1 
 
Summarized applied standards of electrical equipment: 
a/a Equipment Standard 
1 
Disconnecting 
Circuit Breaker 
IEC 62271-108 
IEC 62271-100 
IEC 62271-102 
2 Circuit Breaker 
IEC 62271-100 
IEC 60909 
3 Disconnector IEC 62271-102 
4 Earth Switch IEC 62271-102 
5 Bushing Insulator 
IEC 60137 
IEEE C57.19.0 
6 Surge Arresters IEC 60071-1 
7 Power Transformer 
IEC 60076 
IEC 60137 
IEC 60815 
IEEE C57.104 
8 
Transformer Protection 
System Design 
IEEE Standard 242 
IEEE C37.91 
9 
Voltage Instrument 
Transformers 
IEC 60441-1 
IEC 60441-2 
10 
Current Instrument 
Transformers 
IEC 60441-1 
IEC 60441-2 
11 LV Switchboard 
IEC 60255 
ANSI/IEEE C37.2 
12 Power Back-up Supply 
DIN-EN 62040 
Standard 
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13 Grounding System 
ANSI/IEEE 80 
IEEE Standard 142 
14 
Lightning Protection 
System 
IEC 62305 
EN 50164 
15 STATCOM 
IEEE Standard 519-
1992 
IEC 61300-3-6 
16 Fire Protection Measures IEEE 979 
17 Communications Cabling Standard ANSI/TIA 568B 
18 Sectional specification for horizontal floor wiring cables with a 
common overall screen for use in digital communication 
EN 50167 
19 
Information technology – Generic cabling systems 
EN 50173 
20 
Information technology – 
Generic cabling for customer premises 
IEC 11801 
21 IEC standard voltages IEC 60038 
22 Guide to the selection of high-voltage cables IEC 60183 
23 Electric cables – Calculating of the current rating IEC 60287 
24 Conductors of insulated cables IEC 60228 
25 Tests for electrical cables under fire conditions IEC 60331 
26 Tests on electric and optical fibre cables under fire conditions IEC 60332 
27 Low-voltage electrical installations IEC 60364 
28 
Short-circuit temperature limits of electric cables with rated 
voltages from of 1 kV (Um=1,2 kV) and up to 3 kV (Um=3,6 kV) 
IEC 60724 
29 Test on gasses evolved during combustion of electric Cables IEC 60754 
30 Optical fibres IEC 60793 
31 Optical fibre cables IEC 60794 
32 
Power cables with extruded insulation and their 
accessories for rated voltages above 30 kV (Um= 36 kV) up to 
150 kV (Um=170 kV) – Test methods and requirements 
IEC 60840 
33 
Calculation of the cyclic and emergency current rating of cables 
IEC 60853 
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34 
Electrical test methods for electrical cables 
IEC 60885 
35 Calculation of thermally permissible short-circuit 
currents, taking into account non-adiabatic heating effects 
IEC 60949 
36 Short-circuit temperature limits of electric cables with rated 
voltages from of 6 kV (Um=7,2 kV) and up to 30 kV(Um=36 kV) 
IEC 60986 
37 Measurement of smoke density of cables burning under 
defined conditions 
IEC 61034 
38 Short-circuit temperature limits of electric cables with rated 
voltages above 30 kV (Um=36 kV) 
IEC 61443 
39 Electric cables – Calculation for current ratings – Finite element 
method 
IEC/TR 62095 
40 
Mobile and fixed offshore units – Electrical installations 
IEC 61892 
41 
Offshore Substations for Wind farms 
DNV-OS-J201 
Table 29:Applied Standards of Electrical Infrastructure of Wind Farms 
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APPENDIX 2 
 
Current Ratings of LV NYY cables(Source: Hellenic Cables Building Wires and Power Cables): 
 
Table 30: Current Ratings NYY LV Cables 
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Table 31: Current Ratings NYY LV Cables 
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APPENDIX 3 
Questionnaire Replies by Dick Berkhout Senior Electrical Engineer in Joulz B.V. 
 
Risks during Design and Installation Process of Wind Farms 
 
Design & Installation  Risks of Wind Farms 
Certifications-Requirements-Tender 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of no sufficient document supply 
to contractor by designer. 
5 - Very High 1 - Very Low 
2 
Risk if electrical concepts are not in 
place of tender evaluation 
5 - Very High 1 - Very Low 
3 
Risk of unaccepted Fire Fighting 
Equipment by Certifier. 
2 - Low 1 - Very Low 
4 
Risk of misalignment in equipment 
specifications and design of the wind 
farm between Contractor and Certifier. 
4 - High 3 - Medium 
5 
Risk if the requirement of TSO for 
power quality is not achieved. 
3 - Medium 1 - Very Low 
6 
Risk of deviation from environmental 
permits during installation (i.e. cable 
installation and environmental 
permits, noise generation) 
3 - Medium 1 - Very Low 
Table 32: Certification-Requirements and Tenders Risks 
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Cable Installation (LV,MV,HV) 
a/a Risk Severity  Probability of Occurrence 
1 Risk of delay in cable delivery 2 - Low 3 - Medium 
2 
Risk of delay in cable installation due to 
difficulties in Horizontal Drilling 
2 - Low 3 - Medium 
3 
Risk of delay in excavation works of cable 
installation due to unexpected soil 
conditions  
2 - Low 1 - Very Low 
4 
Risk of accidents in cable installation due 
to language barriers between workers 
1 - Very Low 1 - Very Low 
5 
Risk of misalignment between the 
installation of interconnection cable and 
Substation installation 
3 - Medium 3 - Medium 
6 Risk of cable damage during installation  2 - Low 3 - Medium 
7 
Risk of improperly chosen cable route for 
cable installation 
1 - Very Low 1 - Very Low 
8 
Risk of insufficient work front in cable 
installation 
1 - Very Low 1 - Very Low 
9 
Risk of increased price of copper in cable 
installations 
1 - Very Low 1 - Very Low 
10 
Risk of using HV aluminum cables instead 
of copper cables 
1 - Very Low 1 - Very Low 
11 
Risk if TSO is responsible for the 
installation of HV cable 
1 - Very Low 1 - Very Low 
12 Risk of cable crossing above pipelines 1 - Very Low 1 - Very Low 
Table 33: Cable Installation Risks 
 
 
 
 
 
 
 
 
 
98 
 
 
 
Substation Installation 
a/a Risk Severity  Probability of Occurrence 
1 Risk if TSO is the provider of Substation 2 - Low 4 - High 
2 Risk of delay in delivery of transformers. 1 - Very Low 1 - Very Low 
3 
Risk of delay in construction of 
substation. 
2 - Low 3 - Medium 
4 
Risk of misalignment in specifications of 
substation installation. 
1 - Very Low 1 - Very Low 
5 
Risk of improper cable connections to 
MV busbar 
1 - Very Low 1 - Very Low 
6 
Risk of improper cable connections to LV 
busbar 
1 - Very Low 1 - Very Low 
Secondary Systems Installation 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of delay in grounding system 
installation 
1 - Very Low 1 - Very Low 
2 
Risk of delay in lightning protection 
system installation 
1 - Very Low 1 - Very Low 
3 
Risk of delay in Fire Protection System 
installation 
1 - Very Low 1 - Very Low 
4 
Risk of delay in Power Back-up System 
installation 
1 - Very Low 1 - Very Low 
5 
Risk of delay in SCADA System 
installation 
1 - Very Low 1 - Very Low 
Table 34: Substation & Secondary Systems Installation Risks 
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Risks during Operation of Wind Farms 
 
Operational Risks of cables 
a/a Risk Severity  Probability of Occurrence 
1 Risk of insufficient cable protection 3 - Medium 1 - Very Low 
2 
Risk of failure in insulation of HV 
cables 
3 - Medium 1 - Very Low 
3 
Risk of failure in insulation of MV 
cables 
3 - Medium 1 - Very Low 
4 Risk of failure in insulation of LV cables 3 - Medium 1 - Very Low 
5 Risk of gassing problems to HV cables 3 - Medium 1 - Very Low 
6 Risk of gassing problems to MV cables 3 - Medium 1 - Very Low 
7 Risk of joints in HV cables 3 - Medium 1 - Very Low 
8 Risk of joints in MV cables 3 - Medium 1 - Very Low 
9 Risk of cable fatigue in soil 3 - Medium 1 - Very Low 
10 
Risk of cable damage due to soil 
erosion and agricultural activities 
3 - Medium 3 - Medium 
11 
Risk of single phase short circuit in MV 
cables 
3 - Medium 1 - Very Low 
12 
Risk of single phase short circuit in HV 
cables 
3 - Medium 1 - Very Low 
13 
Risk of three phase short circuit in MV 
cables 
3 - Medium 1 - Very Low 
14 
Risk of three phase short circuit in HV 
cables 
3 - Medium 1 - Very Low 
15 Risk of earth fault in MV cables 3 - Medium 1 - Very Low 
16 Risk of earth fault in HV cables 3 - Medium 1 - Very Low 
17 Risk of  fault in optic fibre cable 3 - Medium 1 - Very Low 
18 
Risk of WTG unavailability due to 
feeder cable damage 
3 - Medium 2 - Low 
19 
Risk of improper cross section selection of 
HV cables 
3 - Medium 1 - Very Low 
20 
Risk of improper cross section selection of 
MV cables 
3 - Medium 1 - Very Low 
Table 35:Cable Operational Risks 
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Operational Risks of Substation 
a/a Risk Severity  
Probability of 
Occurrence 
1 Risk of Transformer failure 5 - Very High 3 - Medium 
2 
Risk of Transformer Winding 
Overtemperature 
4 - High 2 - Low 
3 
Risk of no operation of Transformer 
protection relays 
3 - Medium 2 - Low 
4 Risk of HV Circuit Breaker Failure 4 - High 2 - Low 
5 Risk of MV Circuit Breaker Failure 3 - Medium 2 - Low 
6 Risk of HV Disconnector Failure 4 - High 2 - Low 
7 Risk of MV Disconnector Failure 3 - Medium 2 - Low 
8 Risk of HV GIS failure  4 - High 2 - Low 
9 Risk of MV GIS failure  1 - Very Low 2 - Low 
10 Risk of HV Surge Arrester failure  3 - Medium 1 - Very Low 
11 Risk of MV Surge Arrester failure  1 - Very Low 1 - Very Low 
12 Risk of LV Surge Arrester failure  1 - Very Low 1 - Very Low 
13 
Risk of corrosion in HV busbar and 
connection points 
1 - Very Low 1 - Very Low 
14 
Risk of corrosion in MV busbar and 
connection points 
1 - Very Low 1 - Very Low 
15 Risk of failures in MV busbar 1 - Very Low 1 - Very Low 
16 Risk of failures in HV busbar 1 - Very Low 1 - Very Low 
17 Risk of failures in LV busbar 1 - Very Low 1 - Very Low 
18 Risk of failure in Reactor coils 1 - Very Low 1 - Very Low 
19 Risk of failure STATCOM 1 - Very Low 1 - Very Low 
20 
Risk of malfunction of Back-up Power 
Supply system 
1 - Very Low 2 - Low 
21 Risk of High voltage faults 1 - Very Low 2 - Low 
22 
Risk of Short Circuit in electrical 
installations 
1 - Very Low 1 - Very Low 
23 Risk of SF6 release  1 - Very Low 1 - Very Low 
24 Risk of HV switchgear fire 1 - Very Low 1 - Very Low 
25 Risk of LV equipment fire 1 - Very Low 1 - Very Low 
26 Risk of emergency generator fire 1 - Very Low 1 - Very Low 
27 Risk of Electric Shock 1 - Very Low 1 - Very Low 
Table 36: Substation Operational Risks 
101 
 
Operational Risks of Secondary Systems 
a/a Risk Severity  
Probability of 
Occurrence 
1 
Risk of improper grounding of 
transformer. 
1 - Very Low 1 - Very Low 
2 
Risk of no tight connection of 
conductors of grounding system. 
1 - Very Low 1 - Very Low 
3 
Risk of insufficient amount of installed 
rods and conductors of grounding 
system. 
1 - Very Low 1 - Very Low 
4 
Risk of corrosion of conductor of 
grounding system due to cathodic 
protection system failure. 
1 - Very Low 1 - Very Low 
5 
Risk of discontinuity of grounding 
system. 
1 - Very Low 1 - Very Low 
6 
Risk of no tight installation of 
conductors of lightning system. 
1 - Very Low 1 - Very Low 
7 
Risk of improper selection of lightning 
collection rods. 
1 - Very Low 1 - Very Low 
8 Risk of fire due to lightning strike. 1 - Very Low 1 - Very Low 
9 
Risk of improper installation of water 
supply system of Fire protection system. 
1 - Very Low 1 - Very Low 
10 
Risk of improper installation of 
emergency exit signs. 
1 - Very Low 1 - Very Low 
11 
Risk of improper installation of 
transformers fire fighting system. 
1 - Very Low 1 - Very Low 
12 
Risk of improper installation of SCADA 
room fire fighting system. 
1 - Very Low 1 - Very Low 
13 
Risk for delay in availability on SCADA 
and Communication Equipment 
1 - Very Low 1 - Very Low 
14 
Risk of no proper installation of Power 
back-up system 
1 - Very Low 1 - Very Low 
15 
Risk of discontinuity in conductors of  
lightning system 
1 - Very Low 1 - Very Low 
Table 37: Secondary Systems Operational Risks 
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Operational Risks of Secondary Systems 
a/a Risk Severity  
Probability of 
Occurrence 
1 
Risk of Electromagnetic Impulse Effect 
in devices of Substation 
1 - Very Low 1 - Very Low 
2 
Risk of no operation of SCADA and 
Communication Equipment 
1 - Very Low 1 - Very Low 
3 
Risk of failure in auxiliary systems 
transformer 
1 - Very Low 1 - Very Low 
4 Risk of HVAC system failure 1 - Very Low 1 - Very Low 
Table 38: Secondary Systems Operational Risks 
 
Operational Risks related with TSO 
a/a Risk Severity  
Probability of 
Occurrence 
1 
Risk of delay in grid construction by 
TSO 
3 - Medium 3 - Medium 
2 
Risk of HV cable failure during the 
activation of the wind farm 
1 - Very Low 1 - Very Low 
3 
Risk of MV cable failure during the 
activation of the wind farm 
1 - Very Low 1 - Very Low 
4 
Risk of Power transformer failure 
during the activation of the wind farm 
1 - Very Low 1 - Very Low 
5 
Risk of intermittent operation due to 
TSO grid failures 
1 - Very Low 1 - Very Low 
6 Risk of overvoltage in TSO grid 1 - Very Low 1 - Very Low 
7 
Risk of failure in Substation due to 
Short Circuit in the TSO grid 
1 - Very Low 1 - Very Low 
8 
Risk of failure in HV cable due to Short 
Circuit in the TSO grid 
1 - Very Low 1 - Very Low 
Table 39: Operational Risks relevant with TSO 
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APPENDIX 4 
Questionnaire Replies by Ruben Pierik Freelancer Electrical Engineer specialized in Wind 
Farms 
 
Risks during Design and Installation Process of Wind Farms 
 
 
Design & Installation  Risks of Wind Farms 
Certifications-Requirements-Tender 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of no sufficient document 
supply to contractor by 
designer. 
5 - Very High 2 - Low 
2 
Risk if electrical concepts are 
not in place of tender 
evaluation 
5 - Very High 1 - Very Low 
3 
Risk of unaccepted Fire 
Fighting Equipment by 
Certifier. 
4 - High 3 - Medium 
4 
Risk of misalignment in 
equipment specifications and 
design of the wind farm 
between Contractor and 
Certifier. 
3 - Medium 1 - Very Low 
5 
Risk if the requirement of TSO 
for power quality is not 
achieved. 
5 - Very High 2 - Low 
6 
Risk of deviation from 
environmental permits during 
installation (i.e. cable 
installation and 
environmental permits, noise 
generation) 
4 - High 2 - Low 
Table 40: Certification-Requirements and Tenders Risks 
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Cable Installation (LV,MV,HV) 
a/a Risk Severity  Probability of Occurrence 
1 Risk of delay in cable delivery 2 - Low 3 - Medium 
2 
Risk of delay in cable installation 
due to difficulties in Horizontal 
Drilling 
1 - Very Low 1 - Very Low 
3 
Risk of delay in excavation works 
of cable installation due to 
unexpected soil conditions  
1 - Very Low 1 - Very Low 
4 
Risk of accidents in cable 
installation due to language 
barriers between workers 
1 - Very Low 1 - Very Low 
5 
Risk of misalignment between the 
installation of interconnection 
cable and Substation installation 
1 - Very Low 1 - Very Low 
6 
Risk of cable damage during 
installation  
1 - Very Low 1 - Very Low 
7 
Risk of improperly chosen cable 
route for cable installation 
1 - Very Low 1 - Very Low 
8 
Risk of insufficient work front in 
cable installation 
1 - Very Low 1 - Very Low 
9 
Risk of increased price of copper in 
cable installations 
1 - Very Low 1 - Very Low 
10 
Risk of using HV aluminum cables 
instead of copper cables 
1 - Very Low 1 - Very Low 
11 
Risk if TSO is responsible for the 
installation of HV cable 
1 - Very Low 1 - Very Low 
12 
Risk of cable crossing above 
pipelines 
1 - Very Low 1 - Very Low 
Table 41: Cable Installation Risks 
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Substation Installation 
a/a Risk Severity  Probability of Occurrence 
1 
Risk if TSO is the provider of 
Substation 
1 - Very Low 1 - Very Low 
2 
Risk of delay in delivery of 
transformers. 
1 - Very Low 1 - Very Low 
3 
Risk of delay in construction of 
substation. 
1 - Very Low 1 - Very Low 
4 
Risk of misalignment in 
specifications of substation 
installation. 
1 - Very Low 1 - Very Low 
5 
Risk of improper cable 
connections to MV busbar 
1 - Very Low 1 - Very Low 
6 
Risk of improper cable 
connections to LV busbar 
1 - Very Low 1 - Very Low 
Secondary systems Installation 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of delay in grounding system 
installation 
1 - Very Low 1 - Very Low 
2 
Risk of delay in lightning 
protection system installation 
1 - Very Low 1 - Very Low 
3 
Risk of delay in Fire Protection 
System installation 
1 - Very Low 1 - Very Low 
4 
Risk of delay in Power Back-up 
System installation 
1 - Very Low 1 - Very Low 
5 
Risk of delay in SCADA System 
installation 
2 - Low 3 - Medium 
Table 42: Substation & Secondary Systems Installation 
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Risks during Operation of Wind Farms 
 
Operational Risks of cables 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of insufficient cable 
protection 
1 - Very Low 1 - Very Low 
2 
Risk of failure in insulation of 
HV cables 
3 - Medium 1 - Very Low 
3 
Risk of failure in insulation of 
MV cables 
2 - Low 1 - Very Low 
4 
Risk of failure in insulation of 
LV cables 
1 - Very Low 1 - Very Low 
5 
Risk of gassing problems to HV 
cables 
1 - Very Low 1 - Very Low 
6 
Risk of gassing problems to MV 
cables 
1 - Very Low 1 - Very Low 
7 Risk of joints in HV cables 2 - Low 1 - Very Low 
8 Risk of joints in MV cables 2 - Low 1 - Very Low 
9 Risk of cable fatigue in soil 1 - Very Low 1 - Very Low 
10 
Risk of cable damage due to 
soil erosion and agricultural 
activities 
3 - Medium 2 - Low 
11 
Risk of single phase short 
circuit in MV cables 
1 - Very Low 1 - Very Low 
12 
Risk of single phase short 
circuit in HV cables 
1 - Very Low 1 - Very Low 
13 
Risk of three phase short 
circuit in MV cables 
1 - Very Low 1 - Very Low 
14 
Risk of three phase short 
circuit in HV cables 
1 - Very Low 1 - Very Low 
15 Risk of earth fault in MV cables 1 - Very Low 1 - Very Low 
16 Risk of earth fault in HV cables 1 - Very Low 1 - Very Low 
17 Risk of  fault in optic fibre cable 1 - Very Low 1 - Very Low 
18 
Risk of WTG unavailability due 
to feeder cable damage 
3 - Medium 3 - Medium 
19 
Risk of improper cross section 
selection of HV cables 
1 - Very Low 1 - Very Low 
20 
Risk of improper cross section 
selection of MV cables 
1 - Very Low 1 - Very Low 
21 
No proper maintenance of 
Transformer 
4 - High 3 - Medium 
Table 43:Operational Risks of Cables 
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Operational Risks of Substation 
a/a Risk Severity  Probability of Occurrence 
1 Risk of Transformer failure 5 - Very High 2 - Low 
2 
Risk of Transformer Winding 
Overtemperature 
4 - High 2 - Low 
3 
Risk of no operation of 
Transformer protection relays 
3 - Medium 2 - Low 
4 Risk of HV Circuit Breaker Failure 4 - High 2 - Low 
5 Risk of MV Circuit Breaker Failure 3 - Medium 2 - Low 
6 Risk of HV Disconnector Failure 3 - Medium 2 - Low 
7 Risk of MV Disconnector Failure 2 - Low 2 - Low 
8 Risk of HV GIS failure  3 - Medium 2 - Low 
9 Risk of MV GIS failure  3 - Medium 2 - Low 
10 Risk of HV Surge Arrester failure  3 - Medium 2 - Low 
11 Risk of MV Surge Arrester failure  3 - Medium 2 - Low 
12 Risk of LV Surge Arrester failure  3 - Medium 2 - Low 
13 
Risk of corrosion in HV busbar and 
connection points 
1 - Very Low 1 - Very Low 
14 
Risk of corrosion in MV busbar and 
connection points 
1 - Very Low 1 - Very Low 
15 Risk of failures in MV busbar 1 - Very Low 1 - Very Low 
16 Risk of failures in HV busbar 1 - Very Low 1 - Very Low 
17 Risk of failures in LV busbar 1 - Very Low 1 - Very Low 
18 Risk of failure in Reactor coils 3 - Medium 2 - Low 
19 Risk of failure STATCOM 1 - Very Low 1 - Very Low 
20 
Risk of malfunction of Back-up 
Power Supply system 
1 - Very Low 2 - Low 
21 Risk of High voltage faults 1 - Very Low 2 - Low 
22 
Risk of Short Circuit in electrical 
installations 
1 - Very Low 1 - Very Low 
23 Risk of SF6 release  1 - Very Low 1 - Very Low 
24 Risk of HV switchgear fire 1 - Very Low 1 - Very Low 
25 Risk of LV equipment fire 1 - Very Low 1 - Very Low 
26 Risk of emergency generator fire 1 - Very Low 1 - Very Low 
27 Risk of Electric Shock 1 - Very Low 1 - Very Low 
Table 44: Operational Risks of Cables 
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Operational Risks of Secondary Systems 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of improper grounding of 
transformer. 
1 - Very Low 1 - Very Low 
2 
Risk of no tight connection of 
conductors of grounding system. 
1 - Very Low 1 - Very Low 
3 
Risk of insufficient amount of 
installed rods and conductors of 
grounding system. 
1 - Very Low 1 - Very Low 
4 
Risk of corrosion of conductor of 
grounding system due to 
cathodic protection system 
failure. 
1 - Very Low 1 - Very Low 
5 
Risk of discontinuity of 
grounding system. 
1 - Very Low 1 - Very Low 
6 
Risk of no tight installation of 
conductors of lightning system. 
1 - Very Low 1 - Very Low 
7 
Risk of improper selection of 
lightning collection rods. 
1 - Very Low 1 - Very Low 
8 
Risk of fire due to lightning 
strike. 
1 - Very Low 1 - Very Low 
9 
Risk of improper installation of 
water supply system of Fire 
protection system. 
1 - Very Low 1 - Very Low 
10 
Risk of improper installation of 
emergency exit signs. 
1 - Very Low 1 - Very Low 
11 
Risk of improper installation of 
transformers fire fighting 
system. 
1 - Very Low 1 - Very Low 
12 
Risk of improper installation of 
SCADA room fire fighting system. 
1 - Very Low 1 - Very Low 
13 
Risk for delay in availability on 
SCADA and Communication 
Equipment 
1 - Very Low 1 - Very Low 
14 
Risk of no proper installation of 
Power back-up system 
1 - Very Low 1 - Very Low 
15 
Risk of discontinuity in 
conductors of  lightning system 
1 - Very Low 1 - Very Low 
Table 45: Operational Risks of Secondary Systems 
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Operational Risks of Secondary Systems 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of Electromagnetic Impulse 
Effect in devices of Substation 
1 - Very Low 1 - Very Low 
2 
Risk of no operation of SCADA 
and Communication Equipment 
1 - Very Low 1 - Very Low 
3 
Risk of failure in auxiliary 
systems transformer 
1 - Very Low 1 - Very Low 
4 Risk of HVAC system failure 1 - Very Low 1 - Very Low 
Table 46: Operational Risks of Secondary Systems 
Operational Risks related with TSO 
a/a Risk Severity  Probability of Occurrence 
1 
Risk of delay in grid 
construction by TSO 
3 - Medium 3 - Medium 
2 
Risk of HV cable failure during 
the activation of the wind farm 
1 - Very Low 1 - Very Low 
3 
Risk of MV cable failure during 
the activation of the wind farm 
1 - Very Low 1 - Very Low 
4 
Risk of Power transformer 
failure during the activation of 
the wind farm 
1 - Very Low 1 - Very Low 
5 
Risk of intermittent operation 
due to TSO grid failures 
1 - Very Low 1 - Very Low 
6 Risk of overvoltage in TSO grid 1 - Very Low 1 - Very Low 
7 
Risk of failure in Substation due 
to Short Circuit in the TSO grid 
1 - Very Low 1 - Very Low 
8 
Risk of failure in HV cable due 
to Short Circuit in the TSO grid 
1 - Very Low 1 - Very Low 
Table 47: Operational Risks relevant with TSO 
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APPENDIX 5 
 
Mean Value of Severity and Probability of Operational Risks 
 
Operational Risks related with TSO 
a/a Risk Severity  Probability of Occurrence 
Risks 
1 
Risk of delay in grid 
construction by TSO 
3 3 9 
2 
Risk of HV cable failure during 
the activation of the wind farm 
1 1 1 
3 
Risk of MV cable failure during 
the activation of the wind farm 
1 1 1 
4 
Risk of Power transformer 
failure during the activation of 
the wind farm 
1 1 1 
5 
Risk of intermittent operation 
due to TSO grid failures 
1 1 1 
6 Risk of overvoltage in TSO grid 1 1 1 
7 
Risk of failure in Substation due 
to Short Circuit in the TSO grid 
1 1 1 
8 
Risk of failure in HV cable due 
to Short Circuit in the TSO grid 
1 1 1 
Table 48: Operational Risks relevant with TSO 
Operational Risks of Secondary Systems 
a/a Risk Severity  Probability of Occurrence Risks 
1 
Risk of Electromagnetic Impulse 
Effect in devices of Substation 
1 1 1 
2 
Risk of no operation of SCADA 
and Communication Equipment 
1 1 1 
3 
Risk of failure in auxiliary 
systems transformer 
1 1 1 
4 Risk of HVAC system failure 1 1 1 
Table 49: Operational Risks of Secondary Systems 
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Operational Risks of Secondary Systems 
a/a Risk Severity  Probability of Occurrence Risks 
1 
Risk of improper grounding of 
transformer. 
1 1 1 
2 
Risk of no tight connection of 
conductors of grounding 
system. 
1 1 1 
3 
Risk of insufficient amount of 
installed rods and conductors of 
grounding system. 
1 1 1 
4 
Risk of corrosion of conductor 
of grounding system due to 
cathodic protection system 
failure. 
1 1 1 
5 
Risk of discontinuity of 
grounding system. 
1 1 1 
6 
Risk of no tight installation of 
conductors of lightning system. 
1 1 1 
7 
Risk of improper selection of 
lightning collection rods. 
1 1 1 
8 
Risk of fire due to lightning 
strike. 
1 1 1 
9 
Risk of improper installation of 
water supply system of Fire 
protection system. 
1 1 1 
10 
Risk of improper installation of 
emergency exit signs. 
1 1 1 
11 
Risk of improper installation of 
transformers fire fighting 
system. 
1 1 1 
12 
Risk of improper installation of 
SCADA room fire fighting 
system. 
1 1 1 
13 
Risk for delay in availability on 
SCADA and Communication 
Equipment 
1 1 1 
14 
Risk of no proper installation of 
Power back-up system 
1 1 1 
15 
Risk of discontinuity in 
conductors of  lightning system 
1 1 1 
Table 50: Operational Risks of Secondary Systems 
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Operational Risks of cables 
a/a Risk Severity  Probability of Occurrence Risks 
1 
Risk of insufficient cable 
protection 
2 1 2 
2 
Risk of failure in insulation 
of HV cables 
3 1 3 
3 
Risk of failure in insulation 
of MV cables 
3 1 3 
4 
Risk of failure in insulation 
of LV cables 
2 1 2 
5 
Risk of gassing problems to 
HV cables 
2 1 2 
6 
Risk of gassing problems to 
MV cables 
2 1 2 
7 Risk of joints in HV cables 3 1 3 
8 Risk of joints in MV cables 3 1 3 
9 Risk of cable fatigue in soil 2 1 2 
10 
Risk of cable damage due 
to soil erosion and 
agricultural activities 
3 3 9 
11 
Risk of single phase short 
circuit in MV cables 
2 1 2 
12 
Risk of single phase short 
circuit in HV cables 
2 1 2 
13 
Risk of three phase short 
circuit in MV cables 
2 1 2 
14 
Risk of three phase short 
circuit in HV cables 
2 1 2 
15 
Risk of earth fault in MV 
cables 
2 1 2 
16 
Risk of earth fault in HV 
cables 
2 1 2 
17 
Risk of  fault in optic fibre 
cable 
2 1 2 
18 
Risk of WTG unavailability 
due to feeder cable 
damage 
3 3 8 
19 
Risk of improper cross 
section selection of HV cables 
2 1 2 
20 
Risk of improper cross 
section selection of MV 
cables 
2 1 2 
Table 51:Operational Risks of Cables 
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Operational Risks of Substation 
a/a Risk Severity  Probability of Occurrence Risks 
1 Risk of Transformer failure 5 3 15 
2 
Risk of Transformer Winding 
Overtemperature 
4 2 8 
3 
Risk of no operation of 
Transformer protection relays 
3 2 6 
4 
Risk of HV Circuit Breaker 
Failure 
4 2 8 
5 
Risk of MV Circuit Breaker 
Failure 
3 2 6 
6 Risk of HV Disconnector Failure 4 2 8 
7 
Risk of MV Disconnector 
Failure 
3 2 6 
8 Risk of HV GIS failure  4 2 8 
9 Risk of MV GIS failure  2 2 4 
10 
Risk of HV Surge Arrester 
failure  
3 2 6 
11 
Risk of MV Surge Arrester 
failure  
2 2 4 
12 
Risk of LV Surge Arrester 
failure  
2 2 4 
13 
Risk of corrosion in HV busbar 
and connection points 
1 1 1 
14 
Risk of corrosion in MV busbar 
and connection points 
1 1 1 
15 Risk of failures in MV busbar 1 1 1 
16 Risk of failures in HV busbar 1 1 1 
17 Risk of failures in LV busbar 1 1 1 
18 Risk of failure in Reactor coils 2 2 4 
19 Risk of failure STATCOM 1 1 1 
20 
Risk of malfunction of Back-up 
Power Supply system 
1 2 2 
21 Risk of High voltage faults 1 2 2 
22 
Risk of Short Circuit in 
electrical installations 
1 1 1 
23 Risk of SF6 release  1 1 1 
24 Risk of HV switchgear fire 1 1 1 
25 Risk of LV equipment fire 1 1 1 
26 
Risk of emergency generator 
fire 
1 1 1 
27 Risk of Electric Shock 1 1 1 
Table 52:Operational Risks of Substation 
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APPENDIX 6 
 
Estimation of Unavailability Factor 
 
The Unavailability Factor (C) can be estimated when the NPV (PVcap) of annual costs related 
with the capital investment is equal with the present value of the net revenue annual 
change (PVrev) which occurs by avoiding the loss of 1kWh/yr energy generation. [119] 
Consequently: 
 
      (1) 
 
 (2) 
 
where: 
 
 
 
 
 
 
 
 
 
 
 
We solve: 
   (3) 
 
From equation 3 the Unavailability factor occurs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
115 
 
References 
 
[1]Cbmjournal, Available at: www.cbmjournal.com, (Accessed at: 16/7/2015) 
[2] Civil Works, Wind Energy The Facts (2009), Available at: http://www.wind-energy-the-
facts.org/civil-works.html ,(Accessed: July 2015) 
[3]Electrical System, Wind Energy The Facts (), Available at: http://www.wind-energy-the-
facts.org/electrical-system.html  ,(Accessed: July 2015) 
[4] J. F. Manwell and J. G. McGowan (2009), ”WIND ENERGY EXPLAINED: Theory, Design and 
Application”, 2nd Edition,Wiley, p.463-464 
[5] J. F. Manwell and J. G. McGowan (2009), ”WIND ENERGY EXPLAINED: Theory, Design and 
Application”, 2nd Edition,Wiley, p.463-464 
[6] J. Schachner (2004), “Power Connections for Offshore Wind Farms”, Delft & Leoben 
Universities, p.4-7 
[7] J. Schachner (2004), “Power Connections for Offshore Wind Farms”, Delft & Leoben 
Universities, p.4-7 
[8] T.Barton (2011),“Wind Energy Handbook”, 2nd Edition,Wiley, pp.20 
[9] Electrical System, Wind Energy The Facts (), Available at: http://www.wind-energy-the-
facts.org/wind-atlases.html , (Accessed: July 2015)  
[10]G. Wilson, D. McMillan, “Assessing Wind Farm Reliability Using Weather Dependent 
Failure Rates”, Wind Energy Systems Centre for Doctoral Training, University of Strathclyde, 
Available at:  IOP Publishing, p.5  
[11]G. Wilson, D. McMillan , “Assessing Wind Farm Reliability Using Weather Dependent 
Failure Rates”, Wind Energy Systems Centre for Doctoral Training, University of Strathclyde, 
Available at:  IOP Publishing, p.5  
[12]Energimyndigheten, Vatenfall (September 2008) “Meteorological Conditions at 
Lillgrund”, p.7-12 
[13]Energimyndigheten, Vatenfall (September 2008) “Meteorological Conditions at 
Lillgrund”, p.7-12 
[14] H. Korterink, P.J. Eecen J.W., Wagenaar (March 2009), “Meteorological Measurements 
OWEZ”, ECN, p.16 
[15] H. Korterink, P.J. Eecen J.W., Wagenaar (March 2009), “Meteorological Measurements 
OWEZ”, ECN, p.16 
[16] European Wind Energy Association (EWEA) (2009), “The economics of wind energy” 
http://www.ewea.org/index.php?id=11 , p.31 
[17] European Environment Agency (EEA) (2009) “Europe’s onshore and offshore wind 
energy potential”, http://www.eea.europa.eu/, p.38-39 
[18] Henrik Kirkeby, John Olav Tande (2014)”The NOWITECH Reference Wind Farm”, Energy 
Procedia, p. 300-312  
[19] European Environment Agency (EEA) (2009) “Europe’s onshore and offshore wind 
energy potential”, http://www.eea.europa.eu/ ,p.38 
[20] European Environment Agency (EEA) (2009) “Europe’s onshore and offshore wind 
energy potential”, http://www.eea.europa.eu/ , p.39 
[21] Kittitas Valley Wind Power Project EFSEC (2003), “Construction And Operation 
Activities”, p.1-2 
[22]Dufferin Wind Power Inc. (May 2012), “Project Activities”, p.72-82 
[23]Morrison Hershfield (April 2012),”Construction Plan Report of HAF Wind Energy 
Project”, p.4 
[24] Dufferin Wind Power Inc. (August 2012), “Project Description Report”, p.14 
[25] Nordzeewind (February 2008),”Offshore Wind Farm Egmond aan Zee General Report”, 
p.31 
116 
 
[26] Nordzeewind (February 2008),”Offshore Wind Farm Egmond aan Zee General Report”, 
p.18-20 
[27] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.18 
[28] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.19 
[29] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.28 
[30]Joakim Jeppson, Poul Erik Larsen, Ake Larsson (September 2008), “Technical Description 
of Lillgrunf WPP”, Vatenfall, Energimyndigheten, p.28 
[31] J.H. den Boon, J. Sutherland, R. Whitehouse, R. Soulsby, C.J.M. Stam, K. Verhoeven, M. 
Høgedal, T. Hald,(14th April 2015) “Scour behaviour and scour protection for monopile 
foundations of offshore wind turbines”, p. 3 
[32] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.22 
[33] Subseaworldnews, Available at: http://subseaworldnews.com/2014/09/22/jan-de-nul-
provides-scour-protection-for-butendiek-owf , (Accessed at: 8/8/2015) 
[34] Nordzeewind (February 2008),”Offshore Wind Farm Egmond aan Zee General Report”, 
p.21-23 
[35] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.21 
[36] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.21 
[37] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.23 
[38] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.23 
[39]Joakim Jeppson, Poul Erik Larsen, Ake Larsson (September 2008), “Technical Description 
of Lillgrunf WPP”, Vatenfall, Energimyndigheten, p.36 
[40]Joakim Jeppson, Poul Erik Larsen, Ake Larsson (September 2008), “Technical Description 
of Lillgrunf WPP”, Vatenfall, Energimyndigheten, p.36 
[41] Nordzeewind (February 2008),”Offshore Wind Farm Egmond aan Zee General Report”, 
p.26-28 
[42] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.26 
[43] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.27 
[44] Nordzeewind (February 2008),”Offshore Wind Farm Egmond aan Zee General Report”, 
p.24-26 
[45] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.24 
[46] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.24 
[47] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.26 
[48] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.26 
[49] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.33 
[50] Nordzeewind (February 2008),”Off shore Wind Farm Egmond aan Zee General Report”, 
p.48 
117 
 
 
[51]IEEE PES Wind Plant Collector System Design Working Group, “Wind Power Plant 
Substation and Collector System Redundancy, Reliability, and Economics” 
[52] NEPOOL Reliability Committee (April 2006), “Transmission Owners and ISO-NE 
Substation Bus Arrangement Guideline Working Group Report” 
[53]NEPOOL Reliability Committee (April 2006), “Transmission Owners and ISO-NE 
Substation Bus Arrangement Guideline Working Group Report” 
[54]NEPOOL Reliability Committee (April 2006), “Transmission Owners and ISO-NE 
Substation Bus Arrangement Guideline Working Group Report” 
[55]NEPOOL Reliability Committee (April 2006), “Transmission Owners and ISO-NE 
Substation Bus Arrangement Guideline Working Group Report” 
[56] ABB (2013), “Disconnecting Circuit Breakers Application Guide”, Publication 1HSM 9543 
23-03en, p. 9-10 
[57]ABB, 2013-09, “Disconnecting Circuit Breakers Application Guide”, Publication 1HSM 
9543 23-03en, p. 9-10 
[58]Deligiannis V. (April 2013),”Description of HV Substation of Industrial Consumer”, AUTH, 
p.17-18 
[59]Deligiannis V. (April 2013),”Description of HV Substation of Industrial Consumer”, AUTH, 
p.25-26 
[60] SEA, Available at: http://www.seatrasformatori.it/en/wind-farm.html , (Accessed at: 
14/8/2015) 
[61] Wikipedia, Available at: https://en.wikipedia.org/wiki/Delta-wye_transformer , 
(Accessed at: 14/8/2015) 
[62] Deligiannis V.(April 2013),”Description of HV Substation of Industrial Consumer”, 
AUTH,p.95-96 
[63]Deligiannis V. (April 2013),”Description of HV Substation of Industrial Consumer”, 
AUTH,p.95-96 
[64] ABB (2013), “HD4 Gas Insulated MV Circuit-Breakers”, p. 5-6 
[65]ABB (2013), “HD4 Gas Insulated MV Circuit-Breakers”, p. 5-6 
[66]ABB (2013), “HD4 Gas Insulated MV Circuit-Breakers”, p. 5-6 
[67]ABB (2015), “Instrument Transformers”, Edition 4 
[68]ABB (2015), “Instrument Transformers”, Edition 4th 
[69]ABB (2015), “Instrument Transformers”, Edition 4th 
[70]Deligiannis V (April 2013),”Description of HV Substation of Industrial Consumer”, AUTH, 
p.81-83 
[71]Deligiannis V. (April 2013),”Description of HV Substation of Industrial Consumer”, 
AUTH,p.42-43 
[72]Industrial Electronics,Available at: http://www.industrial-electronics.com/tdee4e_8.html 
, (Accessed at: 17/8/2015) 
[73] Electrical Knowhow, Available at:http://www.electrical-knowhow.com/2013/12/Design-
Steps-of-Preliminary-Grounding-System-For-AC-Substations.html, (Accessed at: 17/8/2015) 
[74]Deligiannis V. (April 2013),”Description of HV Substation of Industrial Consumer”, 
AUTH,p.42-43 
[75]Geospatial, Available at: http://geospatial.blogs.com/geospatial/2012/07/designing-
lightning-protection-for-substations.html , (Accessed at: 18/8/2015) 
[76] IEEE PES Wind Plant Collector System Design Working Group (2009), “Reactive Power 
Compensation for Wind Power Plants” 
[77] ABB (2014), “VArPro™ STATCOM Dynamic reactive power compensation”, p.3 
[78]Philippe Maibach, Jonas Wernli, Peter Jones, (October 2010), “STATCOM Technology for 
Wind Parks to Meet Grid Code Requirements”,ABB 
118 
 
[79] Philippe Maibach, Jonas Wernli, Peter Jones, (October 2010), “STATCOM Technology for 
Wind Parks to Meet Grid Code Requirements”,ABB 
[80] Philippe Maibach, Jonas Wernli, Peter Jones, (October 2010), “STATCOM Technology for 
Wind Parks to Meet Grid Code Requirements”,ABB 
[81]John D.McDonald (2006) “Electric Power Engineering Handbook”, Second Edition, CRC 
Press, p.247-248 
[82]John D.McDonald (2006) “Electric Power Engineering Handbook”, Second Edition, CRC 
Press, p.252-253 
[83] Office of the Attorney Central, “Safety, Health and Welfare at work”, Available at: 
http://www.irishstatutebook.ie/2007/en/si/0299.html, (Accessed at: 15/9/2015) 
[84]Francesco Miceli, “Wind farm Construction”, Available at: 
http://www.windfarmbop.com/author/admin/page/3, (Accessed at: 15/9/2015) 
[85] Inbal Valves, Available at: http://www.inbalvalves.com/english/s_deluge.htm, 
(Accessed at: 15/9/2015) 
[86]Writech Group Ltd, Available at:  
https://www.flickr.com/photos/63155470@N08/5926056288/in/photostream, (Accessed 
at: 15/9/2015) 
[87] The Crown Estate, Transmission Infrastructure for Offshore Generation, “Transmission 
infrastructure associated with connecting offshore generation”, p.7 Available at: 
http://www.transmissioninfrastructure-offshoregen.co.uk/downloads, (Accessed at: 
24/8/2015) 
[88]The Crown Estate, Transmission Infrastructure for Offshore Generation, “Transmission 
infrastructure associated with connecting offshore generation”, p.7 Available at: 
http://www.transmissioninfrastructure-offshoregen.co.uk/downloads, (Accessed at: 
24/8/2015) 
[89] ABB (2015), “Gas Insulated Switchgear ELK-04C, 145kV”, p.5 
[90]Energinet (November 2013),”Offshore Substation: Earthing, Bonding  and Lightning 
Protection”, p.6 
[91]Energinet (November 2013),”Offshore Substation: Earthing, Bonding and Lightning 
Protection”, p.6 
[92]Energinet (November 2013),”Offshore Substation: Earthing, Bonding and Lightning 
Protection”, p.7 
[93]Energinet,” Offshore Substation: MV, LV, Signal Cables and Cable Routing”, Document 
no. 56008-10 Sag 10/4054 – ETS-03 v. 3, p.1-2 
[94] Rms Cable, Available at:http://www.vericable.com/cables/overheadcable/acsr-
cable.htm , (Accessed at: 1/10/2015) 
[95]Deligiannis V.(April 2013),”Description of HV Substation of Industrial Consumer”, 
AUTH,p.8 
[96] ABB, “XLPE Submarine Cable Systems Attachment to XLPE Land Cable Systems - User´s 
Guide”, p.3 
[97] ABB, “XLPE Submarine Cable Systems Attachment to XLPE Land Cable Systems - User´s 
Guide”, p.3 
[98] ABB, “XLPE Submarine Cable Systems Attachment to XLPE Land Cable Systems - User´s 
Guide”, p.3 
[99] ABB, “XLPE Land Cable Systems - User´s Guide”, p.8 
[100] Nexans, “Medium Voltage Cables up to and including 36kV”, p.22 
[101] Nexans, “Medium Voltage Cables up to and including 36kV”, p.23 
[102] Nexans, “Medium Voltage Cables up to and including 36kV”, p.23 
[103] Cablel, “Marine Cables Catalogue”, p.10 
[104]Saud Al-Anbaria, A. Khalinab, Ali Alnuaimic, A. Normariahd, A. Yahyaea, “Risk 
assessment of safety and health (RASH) for building construction”,p.150 
119 
 
[105] Nijs Jan Duijm,” Recommendations on the use and design of risk matrices”, Technical 
University of Denmark (DTU), Department of Management Engineering 
[106]Przemyslaw Kacprzak (2013), “Possibilities of Utilization the risk-Based Techniques in 
the field of offshore wind power plants”, Acta Energetica 
[107]Wind Energy Network, “Risk inherent to offshore power cables”, Available at:  
http://www.windenergynetwork.co.uk/, p.2 
[108]K. Summers, T. Popkiss, D. Frost, T. Czaszejko, “Cable System Failure Experience in 
Wind Farms”, AORC Technical meeting 2014 
[109]Carbon Trust (February 2015), “Cable Burial Risk Assessment Methodology”, p.45 
[110] Xiangning Lin, Yixin Zhuo, Feng Zhao, Dexian Yanga (2015), “Voltage Sag Problems in 
Large-Scale Clustering Wind Farms”, Wiley, p. 68 
[111] K. Summers, T. Popkiss, D. Frost, T. Czaszejko, “Cable System Failure Experience in 
Wind Farms”, AORC Technical meeting 2014 
[112]Jin Yang (2011), “Fault Analysis and Protection for Wind Power Generation Systems”, 
University of Glasgow, p.165 
[113]DET NORSKE VERITAS (2009), “Offshore Substations for Wind Farms”, p.65 
[114]Mohsen Akbari, P. Khazaee, I. Sabetghadam, P. Karimifard (2013),” Failure Modes and 
Effects Analysis for Power Transformers”, p.7 
[115]Bengt Frankén STRI AB (2007), “Reliability Study Analysis of Electrical Systems 
within Offshore Wind Parks”, p.40 
[116]Jim Pechey, Andrew Dinning, Mark Lawson, Philip Taylor, “The Development of 
Offshore Wind Generation”, Econnect Ltd, p. 14  
[117] J. Bozelie, JTG Pierik (2002), “Dowec Failure and Availability Calculation”, NEG MICON, 
p. 12 
[118] Patrick De Corla-Souza,” Webinar - P3 Project Risk Assessment”, Available at: 
https://www.fhwa.dot.gov/ipd/p3/toolkit/p3_value_webinars/p3_webinar_project_risk_ass
essment_092013.aspx , (Accessed at: 30/9/2015) 
[119] R. A. Walling, T. Ruddy, “Economic Optimization of Offshore Windfarm Substations and 
Collection Systems”, GE Energy 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
